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Abstract: Over the past two years, the U.S. Army Engineer Research and
Development Center and the Defence R&D Canada Valcartier have part-
nered to develop an improved understanding of the distribution and fate
of propellant residues on military training ranges in SERDP Project ER-
1481. As a portion of this work, field studies have been conducted to esti-
mate the mass of propellant residues deposited per round fired from vari-
ous munitions. This research included artillery, mortars, small arms,
shoulder-fired rockets, and several large missiles. Particles of the propel-
lant residues deposited have been collected and studied, and initial ex-
periments conducted to measure the rate of release of nitroglycerin (NG)
and 2,4-dinitrotoluene (DNT) after deposition. Field studies have been
conducted at a number of U.S. and Canadian installations to determine the
mass and distribution of residue accumulation from different types of mu-
nitions. Depth profiling has been accomplished to document the depth to
which these residues have penetrated the shallow subsoil. Laboratory col-
umn studies have been conducted with NG, nitroguanidine, and diphenyl-
amine to document transport rates for solution phase propellant constitu-
ents and develop process descriptors for use in mathematical models to
enable prediction of fate and transport for these constituents. Subsequent
column studies have utilized intact propellants. The major accomplish-
ments from these field and laboratory studies are presented.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.




ERDC TR-08-1

Contents
Figures and Tables X
Preface Xix
Nomenclature Xxiii
1 Introduction 11

Susan R. Bigl and Thomas F. Jenkins

[ 2 T3 1= (0 10 | o 1-1
Gun and Small Rocket Propellant FOrmMuUIGtIONS ........c.ceeeeeeemeeeeereeeeceese e 1-2
Larger Rocket Propellants
Previous Research on Propellant Residues at Military Ranges......cccccevevcveeeeeeiiicscceeneeennn 1-7
(0] 0T T=Te] €Y7= SRR PRTPRTR 1-10
RS ToTo] oo il o (0] [T o R 1-11
L (=T (=T gL ST TP RTTPPRPTT 1-14
2 Characteristics of Propellant Residues 21

Susan Taylor, Michael R. Walsh, Jennifer L. Fadden, Marianne E. Walsh, Victoria
Moors, Susan R. Bigl, Alan D. Hewitt, Nancy M. Perron, and Dennis J. Lambert

N0 T 11 T3 40 o R 2-1
Materials and METNOUS ....c.cuii et s ne e s e n e 2-2
Appearance and Composition Of Propellants ........coueeciiiiiceeeneiieeeerees e 2-4
SiNGIE-BASE PrOPEIGNTS ....cceeeeeeeeeeeeee et esiee st st st ssse s asn e st st ssnnsssnessesanessneesaneas 2-4
DOUDIE-BASE PrOPEIIANTS ......eeeeeeeeeeeesetiees e sttt e s e s e sttt e e s s sttt e s e s s sssssste s e s e s s s ssssennsssesssnenenesanans 2-7
INItrOCEIUIOSE PrOPEIANTS. ... ettt s e enn e s ne s e e e nnnennneseneenn 2-12

[T ESETo LU o N =TS (P 2-14
RESUILS .ttt e s ae e s e s st e s s e e e se e s re e s ne e s s e e e aneeeareenneenan 2-16
(070 13 [V 1= L] o < PR 2-19
(S (= (=] Q== P 2-20
3 Propellant Residues Deposition from Small Arms Munitions 31

Michael R. Walsh, Marianne E. Walsh, Susan R. Bigl, Nancy M. Perron,
Dennis J. Lambert, and Alan D. Hewitt

LN g0T LU o3 4] o PSPPSR 31
7= Ted 14210 10T o o [P RPRPORR 3-2
L= o I LTS TP 34
(=] o IS (= PR 34
18 3-5
=5 ST PSRRI 3-6
ST T o= 1YL= 1 oo S 3-7

Sample ProCcesSing @nd ANGIYSIS .......eeeeeeeueerieeieesiessieeseeesieeste st sssn s s s s sseessne e nesaneenanes 3-12



ERDC TR-08-1

BACKEIOUNA SGIMPIES ...ttt eee e s e eenn e s e e s neseseeennnesnnenaneenn 3-16

L L= o) =TSRSS 3-16
DISCUSSION ..utiiieeiieieee ettt e s e e st e s e e s s e e e s e e e e ae e e s e e s eneeaeneesaneennnnenane 3-22
(070 T3 [V 1= L] o < PRSP 3-25
(S (= (=] Q== P 3-26
AppendixX 3-A: MUNITIONS DAta ....ccccceeiieeiiecciieeeieeseescierre e s s eessssseeeessesssssneseessessnnssnesesssennnn 3-28
Appendix 3-B: SAMPIING Data ......coocceeiiiiiiieecies e 3-29
Appendix 3-C: Firing Point Test Analytical RESUILS.........ccceeiiiiieeciee e 3-33
Energetic Residues Deposition from 84-mm Carl Gustav Antitank Live Firing.................... 41

Sonia Thiboutot, Guy Ampleman, André Marois, Annie Gagnon,
Major Denis Gilbert, Vincent Tanguay, and Isabelle Poulin

FA 015 = o U 4-1
EXECULIVE SUMMAIY ...ttt ettt sne e e s ne e e an e e s ne e e 4-3
a1 Eo o 18 o3 4 o] o [PPSR 4-5
EXPErimental METNOUS ...coi ettt ne e s ne e e e e e e e e 4-7
FIOIO WOIK .ttt a s e st s s s s s et e s s s s e e e e ssnsese s nssananens 4-7
LY=L= 4= SRR 4-10
Weapon Description and Propellant COMPOSITION .......eeecueereeereeeeeeesereseeseeseeesseeeseeseneseeennes 4-12
L (=1 [o IS T=Y (0 S USSR 4-15
SAMPIE PrOCESSING .eeeveeeieeaeeisteeeieaeitesteste s st e s stnsste s st s st s sssnesstesasesssesssssesssesasesssnnssssesasnsassnennes 4-19
EXEraction @N0 ANGIYSIS...euueeaueeeeeeeeeeeeeeeeessee et eesseeace s se s e ssesaseesseseseesasnessnesasesaseesannesnesaneenns 4-21
RESUIS @NA DiSCUSSION.ceiittiiiieeeessiteessssite s ss e e s seee e e s e e s s sae e s s se e e s s sse e e e s sse e s snsnneessasanennnn 4-23
F S T=2 (o J S 4-23
Particle Size, DiStribution, @NA TYDE ....oeceeeeeeeeeeeeeseeeeeeeeeee et eese s s s eseeesneesnesaneenn 4-23
Estimate of the Mass of NitroglyCerin DEPOSItEQ .........cuevcueeeeeeesrerieecieeee et 4-28
Recommendations and CONCIUSION ....coccueviieireeiiieree et se e 4-31
ACKNOWIEABEMENTS ...ttt n e s ne s s n e s ne e 4-33
(S (= (=] Q== P 4-34
NOMENCIATUIE ...ttt e s e s e e e ae e e ne e s ene e s neesnneenane 4-36

Assessment of Gaseous and Particulate Propellant Residues Resulting from
SMall ArmS LiVE FilNE ...cceeeiiirininimsiessmssmssmssmssmssmssmssmssmsmsmssmsssssssssssssssssssssssssssansansansansanss sessnss 51

Dominic Faucher, Sylvie Brochu, Isabelle Poulin, and Michael R. Walsh

A 015 1 = o 5-1
L 0T [ Lo Ao o RSN 5-3
EXPEIIMENTAl SETUD .ciiiiieieiiee ettt e e e se e s ne e s s ne e e e s nreenenns 5-5
Selection of Calibers and WEEPONS ......cccccueeeecsieeesiiessssiesssstesestesssssesasssssasssstesesssesssssenssssssnssssens 5-5
Description of Test Site and FiriNG DEVICE........ceceueeeeereieriereeeesteesitescsessenssiesstesssessseesssesssesees 5-11
STz Taa ol TaT =3 1Y L= oo [o] (o =) R 5-13
Sample ProcesSing @nd ANGIYSIS .......eeceeeeeeereeeeiesiessieesee et ste s sses s s s e s sseessneessnesanesnanes 5-21
RESUILS .

Ground Samples



ERDC TR-08-1

(C= TR T= L] o) L= 5-35

PArtiCUIAE SAIMPIES ......oeeeceeeeeeieeeetee ettt e ettt e et te e e sttt e e st e s s s te e e s sste s e s st e s s assesassenesassesasastnsessenaas 5-36
[ 1ST o1 1SS (o] o PP 5-47
(070 1] V1= 10} o 1= P 5-51
L (=T 0] gL ST TP PRRRTTPPRRTT 5-52
Appendix 5-A: Description of EaCh THal ....oueeceei i 5-54
Appendix 5-B: Calculation of the Total Amount of NG (or 2,4-DNT) Dispersed per
(0T 1 T ] T | T 5-60
Appendix 5-C: Analytical Methods Used for Gas ANalySisS .......ccccceeeeceeereeceeerscveeeeesceeeneenns 5-66
Appendix 5-D: EDX Spectra for Particulate Matter ANalysSiS.......cccceeeceerieeeeeneceeeesieeenenes 5-67

Study of Propellant Residues Emitted During 105-mm Leopard Tank Live Firing

and Sampling of Demolition Ranges at CFB Gagetown, Canada 6-1

Guy Ampleman, Sonia Thiboutot, André Marois, Annie Gagnon,

and Major Denis Gilbert

FaY 013 4 = Tt PRSP 6-1

LN 0T LU o3 4] o T RRRTRTN 6-4

7= Ted 14210 10T o Lo [P PR PR 6-7
L= LS] Lo PSSR 6-7
EQUIPMENT @NA MUNITIONS ...ttt s e s s esne e nnesaneseneenanen 6-7

EXPerimental METNOUS ...cui ittt ettt sn e e s s anneeean 6-19
Sampling Strategy and NOMENCIQEUIE........oecueeeceecieeeeeceeeete ettt snn e 6-19
Parameter, Sample Collection, and Analytical MEtNOAS.........ceeeveeeecereresiieeciee et 6-27

RESUIS @NA DiSCUSSION.ceiittiiiieeeessiteessssite s ss e e s seee e e s e e s s sae e s s se e e s s sse e e e s sse e s snsnneessasanennnn 6-29
Propellant RESIAUES .......ccccueeeeceeeeeteeeeiteee sttt e e ssttee s sttt s e s astsasssssaasssssassstsaasssesassesesassssssassnsesasenans 6-29
DEMOITEION RANGES.....ce. e eeeeteees et e et s e e e s ase e s e e s s e ssne s seeennesaneesnenaneenaneenns 6-31

1070 o7 711 o] o RN 6-35

REFEIENCES....ciiiii 6-37

Study of Propellant Residues and Gases Emitted During 105-mm Howitzer Live

Firing at the Muffler Installation in Nicolet, Lac St-Pierre, Canada 71

Guy Ampleman, Sonia Thiboutot, André Marois, Thérése Gamache, Isabelle

Poulin, Emmanuela Diaz, Bernadette Quémerais, and Larry Melanson

A 015 1 = o 7-1

a1 o 18 o3 4o o [P SPR 7-3

EXPErimeEntal METNOUS ...coi ettt e s e e e e e e e e 7-5
L= 1] o= SRR 7-5
Y 0L =T O o= T ] o T=T OSSPSR 7-5
EQUuIpMENt @Nd MUNITIONS ......eeeeeeeeeeeeeeeetee e s s es s eeseeesnn e sn s neseseeesnnennnesaneenas 7-10
Sampling Strategy and NOMENCIQEUIE........coueeeeereceeeeeceeeste ettt 7-16
Parameter, Sample Collection, and Analytical MEetROdS..........ccccovueeeireeeecseeeeiieeesieeeecseeeeneen 7-22

RESUIS @NA DISCUSSION .ceiuetiiieeeeseitte e et e e e s e e e e e s sse e e s ne e e s s e e e e e se e e s nneessaneeenann 7-26
Gun Firing in the MUTFler: WIitN@SS PIALES ........eueeeeceerceereeeeeestes st st 7-27
Outdoor GUN FiriNg: WItNESS PIATES .....ccceeveuercieieieeceeestesciessesssteestesssessstesstessseesssnssseesssessnenenes 7-31
Muffler Firing: Residue Collected on the Floor After 20 ROUNGS.......c.ceeceevereeceeseeseecieeeesienas 7-34

Al EMUSSION RESUILS ettt ettt ettt s ettt s e st e s st e s e s ste s e s stn e s asssaassstnaessenasanenassansenans -



ERDC TR-08-1

Vi

{0707 o] 11 1= 0] o R 7-52
L (=T (=T LTS T TR RTTPPRRTT 7-57
Accumulation of Propellant Residues at Small Arms Firing Points 81

Thomas F. Jenkins, Alan D. Hewitt, Michael R. Walsh, Marianne E. Walsh, Ronald
N. Bailey, Charles A. Ramsey, Susan R. Bigl, Dennis J. Lambert, Sylvie Brochu,
Emmanuela Diaz, Marie-Claude Lapointe, Isabelle Poulin, and Dominic Faucher

Abstract

L g0 T [ T Ao o RSP TRP 8-2

L0 0T T=To] €Y7= PSR 85

=71 T Yo £ S 8-6
Soil Sample Collection at Fort Richardson, AlGSKa ..........cccueeecceeeeieeescieiseeiiesesieeesisenessssesaessnes 8-6
Soil Sample Collection at 29 Palms, CalifOrNI@ .......cccoueeuerreseeserieesreescieseesee e seese e ssesseseeeas 8-8
Soil Sample Collection at CFB Petawawa, Ontario.... ..8-12
Soil Sample Collection at CFB/ASU WainWright, AIDEIta.........cceeeeeecemeeemrcieseeseseneseessiescsessens 8-18
Soil Sample Processing of Samples from 29 Palms and Fort Richardson ..........ccccceeeeveeeenen. 8-20
Soil Sample Processing of Samples from CFB Petawawa and CFB/ASU Wainwright............. 821
Sample Extraction and Analysis for Propellant Constituents from 29 Palms and Fort
Lt [o] 0= T Lo o OSSPSR 821

Soil Sample Extraction and Analysis for Propellant Constituents from CFB Petawawa
and CFB/ASU Wainwright

Laboratory QC: CRREL
Subsampling Error Assessment: 29 Palms and Fort RiChardSon .........cceecceeeeeeeeveceeeceeeeennnnn. 8-24
Total Characterization Error ASSESSMENT ......c.eecverersieriisiisisiesn ittt sre e 8-25
Scoops Versus Coring Tool for Collection of Multi-Increment SAmMPIES ........cceeeveeceerceveceennnnn. 8-26
29 PAIMS RANGES ....eeueeeerieeeeeeseeetesieesta st setesaeestsase st e se et s ase s s e sse st s aseessssessesaseesesasessneaseesesssnenean
Fort Richardson Ranges....
(O Sl =Ttz 1 1 ST
CFB/ASU WRINWIIGRL ..ottt sie et st ssasteseeste st s s sssssesessse st s s essssnssesasasesesnnssnssnens
1Yo 1 1S3 [0 o P
O-MM PiSTOI RANGES ..veeteeeeieeeeetesesieeste e st st s et s e stn e st e s sessstsssseesssesasessstnssssasssesasessnnsassasaseanas
5.56 MM RifIE RANEES ....eeeeeeeeeeetee ettt st e st s e e e ssne e se s anesssnesaneeeneesaneesnnesaneeennnenns
Multi-Purpose Maching GUN RANEES .......eeeeereeereeeeeiresiesiessseessteeseessesastesssessseesssnssseesssesanessnes 8-44
Comparison of Data with Human Health and Exotoxicological Criteria.......c..cccuuvresresvesriunnnns 847
R0 (ST =] a1 PP 8-49
Appendix 8-A: Analysis of Subsampling and Sampling Replicate Results ........cccecveerennes 8-51

Propellant Residues in Surface Soils and Groundwater at Firing Positions at
Canadian Force Base Petawawa, Ontario 91

Richard Martel, Guillaume Comeau, Sylvie Brochu, and Alan D. Hewitt

DA 015 = o PR

Introduction

Background Of STUAY Ar€a .....eeieueeieiiee et et e s sete e e s e e e s e e e e s e e s e e ne e e s s e e e e e neeenenns 9-5
[0 Yo 14 (o o PR 9-5

Historical Settings and CUrrent Land USE .........ceceeeeeercieeeieeceeseesceeeee et seeseses s snnesnes s 9-6



ERDC TR-08-1 vii
Environmental SEtHNGS......uecveeveeeseereercieseeeseeseee s
Field and Laboratory Strategies
ST T o L= 00 =T 1 (o o I PSS -
Chemical Parameters and AnalytiCal MEROUAS .........cceeecrerercieiiieiiesescie st ssstesessses e s senassssaea s 9-9
SamPIES QUAIEY CONTIOL ...enneeeeeeeeeeeeeeee ettt ettt e sttt e sttt a et e e s s e e s s st e s s assesesasenesensneasarsnnesans -
RESUIS @NA DISCUSSION.ceiuuetiiieeeereiiee e e et e e sere s e e s s e s e sse e s s ne e e s s e e e e e se e e s nneessaneeenann
ANLI-taNK FIliNG POSITIONS ...eeveveeeeeeseeesieessee st st esit st aste st e s st e sse st e s snnessnessesaseessnnessnesaneanas -
Artillery/Mortar Firing Positions
SMall ArmS FiliNG POSITIONS ......eeeeeeeieeeee et eees et esse e s e s s ee e s aneesne s e eennennes -
(00 1] V17 1o} o ST
L (=T (=T AL =T TSRO STTRPRRTT
APPENTIX O-A: DIIIING LOES .vevreeeeeriieeeeieesee et s e e s sne e sneesne e e
Appendix 9-B: Soil SaMPING RESUILS ......viiiieiiiiiieee s e e e s e e e 9-40
Appendix 9-C: Groundwater Sampling RESUIS ......eeevecieiiceee et 9-50
10 Assessment of the Dispersion of Propellant Residues from Naval Live-Fire Training...... 10-1

11

Sonia Thiboutot, Guy Ampleman, Lieutenant (N) Rick Fifield,
André Marois, and Annie Gagnon

A 015 = o R 10-1
EXECULIVE SUMIMATY ... ettt s e s et s e e s e e e e e e e an e e e e ane e e e e nneesenneeeennnneennn 10-2
ACKNOWIEAGEMENTS ..ot e e s e e e s e e s nne e 10-3
LR 0T 11 T340 o T 10-4
EXPerimental METNOGS ...ttt e e s e s e e e e s e e s sannr e e e e s e s e nsnnneeeens 10-6
Naval Munitions @nd ProOPEIANTS .........oeceeeeeeeeeeeee et 10-6
HMCS Montréal
Sampling Strategy

LIVE-FIl@ EXEITISE .uveveeeeeeeeeeeeeteee st e sttt e s este e et e e s asen e s sssa e s s ste s e s sen e s asnsasssansssssesesanenasssnnnssanen
L0757 oTo T 1= o L= o
R ToT 1R T T0] o) o= F PSRN
EXEraction @N0 ANGIYSIS...cuueeeeeeaeeeeeeeeseeestesaeessesasee s e ssseessrsaseessseseseesasnessnesaseeeensannesnesaneesnns
RESUIS @NA DiSCUSSION ..ttt ieeieiiiiieiertteesseee e s st s s s e e e ssee e s s sr e e s s nr s s s se e e s sse e e s enneesssnnenan
S57-MM LiVE FiliNG et
Former Osborne Head Navy Firing Positions
Other Compounds and Impacts on the User
Recommendations @and CONCIUSION ......ccereerririrrireereesees e
(] (ST =] a1 TR PSR
N[0T g =T oo F= LU = SR

Characterization of Air Emissions from Artillery Live Firing of LG1 Mark Il 105-mm
and M777 155-mm Howitzers 111

Isabelle Poulin, Emmanuela Diaz, and Bernadette Quémerais

FA 015 = o U PSPPSR
0T 11 T3 [0 o
Experimental MetNOAS ...ttt s

Weapons Description and Propellants Composition




ERDC TR-08-1

viii

12

13

14

Exercise Descriptions and Field Sampling Setups

Parameters and Sampling MEtNOUS ........coccueeceeeeresiieiieeceesste et sse e st st sse et s e s ssen e
Analytical Methods for Airborne Particles CharaCterization .........eueveeeeeeeeescrenescsennsssinsnsnens 11-28
RESUILS @8N0 DISCUSSION....eiiieeiiiiiiieeeir et et st e e s ene e s e e s eneesans 11-32
LGL Mark Il LO5-MM HOWILZEY ...ttt st sne e 11-32
Y Yo R o (0 [ 74 = RS 11-52
(070 g o1 11 ] o] o USSP RRURTPRPRRTN 11-68
LT oT =TTt TP 11-70

Dissolution and Transport of Nitroglycerin, Nitroguanidine, and Ethyl Centralite
from M9 and M30 Propellants in Soil 121

Katerina M. Dontsova, Mark A. Chappell, Jiri Simunek, and Judith C. Pennington

A 015 1 = o SR
Introduction
2= Lot €= 01U o RN 12-3
(0] o) =01 117 = S 12-7
WY o] o] o o] o 12-7
Materials @and METNOUS ... ..eiiii e s nn e s s neeeeean 12-8
L 0T o= | = T S 12-8
S0IIS ettt ettt e st ate e te e tesane e e te e s e e e neaanee s teeeateeaneennenaneaaneeenes 12-9
RESUIES ettt ettt e ettt e st e e st e s s st e e s sse e e s st e e e s sse e e s snn e s s st e e e asne e e nnenenannnanannnanannnn 12-15
1070 1] V157 1] o PR 12-26
LR (=T 0] LTSS TP PSP RTPPRRN 12-27
N [oT g =T oot F= LU = TR PRR 12-30
Estimating Perchlorate Deposition from the Firing of a MLRS Rocket..........ccecrvmrrcrnens 131

Thomas F. Jenkins, Alan D. Hewitt, Susan R. Bigl, Dennis J. Lambert,
and Judith C. Pennington

A 013 4 = T o PSPPSR 13-1
LN goT 1U o3 4] o I PRSP 13-2
L0 0T =01 €Y7= ST 13-3
=2 4 oY £ RRTTPPRRTT 13-4

N T0 = Tot =R Yo IS T= 11 0] o) = RS 134

Sample Processing, SUDSGMPIING........coueveeereeeeeeiiesieeseessteeseesses e sstessssesssesaseesne s e e ssnnssnnes 13-5
RESUILS @NA DISCUSSION...ciieiietiieeeeeiie s et esee st e e s s e e s e s e e s e s saeeseseeseseesaneesnneenane 13-8
1070 011 V1= L] o T PTPRPRPPNY 13-11
(] (= (=] Q= SR 13-12
Summary and Conclusions 141

Thomas F. Jenkins, Susan R. Bigl, and Judith C. Pennington

(D=7 o o] 11 To] o PSPPSR 14-1
Physical Nature Of RESIAUES.......uicccieeeieieessieasstesesistsesstesssssaesssssessssstesssstesssssenesssensssssansesssenens 14-1
Mass of Energetic Residues Deposited for Various Types of MUNItiONS.........ccuvcveeeeererensiennnns 14-8

Accumulation of Resides at Firing Points for Various Weapons .......cccceeceveveeceeensieennn. 14-13

Artillery, Mortar, and Tank Firing POINTS ........ccevoueeeeeecresiercieeeee sttt sne s 14-13



ERDC TR-08-1

Antitank ROCKEL FiliNG RANEES ......eeereueeeeeeeiereiiesieseseeestresstessesaseesstessseesssesaseesnessseasssnsaseesasess 14-15
SMAIIAIMS REANEES..c...eeeeieeieeeteesteeste et ste st st e st e st s st s e stsesseestesasesssessasnesssesasesnnnsassenaneans 14-16

Fate and Transport of Propellant-Related COMpPoOUNdS......ccoceeccciieieriecccciereeeeeeecenees 14-19
Recommendations for Additional RESEAICH ......ceeeee i e 14-25

(] (= (=] Q=1 14-28
Appendix A: Bibliography of ER-1481 Publications A-1

Report Documentation Page



ERDC TR-08-1

Figures and Tables

Figures
Figure 1-1. Propellant grain shapes and EXample SIZES......ccuvvvrererererinsensessessese s e ssesssssesessesses 1-4
Figure 1-2. Schematic of propelling charge ignition train ..........cccveereeeerres e 15
Figure 2-1. Side view and end view of M1 single-perforated propellant...........coueveeverenernserensernnens 2-5
Figure 2-2. Multi-perforated M1 propellant used to fire the 105-mm howitzer rounds and

the resultant fIDEr FESIAUES ......coueeeeceecertrercer e ae e s e e s eaennenanns 2-6
Figure 2-3. Unfired M45 propellant and the propellant residues remaining after firing...........c...... 2-8
Figure 2-4. Unfired and fired M9 propellant used for the 81-mm illumination mortars...........ceeu... 2-8
Figure 2-5. Bullets and casings of the small arms ammunition propellants studied,

including those for pistol, rife, and MAacChiNg BUN .....cc.cceicrrierreee e 29
Figure 2-6. Unfired grains and fired residues from a .50-caliber maching gun .......ccccevveeerenennene 2-10
Figure 2-7. Unfired grains and fired residues from a 7.62-mm maching gun .......cccecvveerrverersennnne 2-11
Figure 2-8. Unfired grains and fired residues from a 5.56-mm rifle ......coccoveerienncenniennescnenennne 2-11
Figure 2-9. Unfired grains and fired residues from a 9-mm pistol ........cccoeerrienrccnsscnnnesereseeeens 2-12
Figure 2-10. Unfired grains and fired residues of the M10 propellant ........ccccvverrereresernsesnsennnne 2-13
Figure 2-11. Laboratory SEtUp fOr drip tESTS ....coirrirrerrerre et 2-15
Figure 2-12. Cumulative mass loss of 2,4-DNT and 2,6-DNT from fired propellant fibers

and from an unfired Propellant Brain..... ..o vcrerrercererereresrere e 2-16
Figure 2-13. Cumulative mass loss of NG from five unfired M9 propellant grains ...........cccccceeee.. 2-18
Figure 3-1. Looking downrange at Range 6.2, Camp Ethan Allen, Vermont .........cccceeevnvenenicnenens 34
Figure 3-2. Firing the M16 5.56-mm automatic rifle at Range 6.2, Camp Ethan Allen,

A= /0 RSOSSN 3-6
Figure 3-3. Sampling the M2HB 12.7-mm machine gun firing point decision units at

Range 6.5, Camp Ethan Allen, VEIMONT........c.cceererercecrcr et 3-8
Figure 3-4. Areas sampled for small arms propellant residues tests ......cccvvererereerrrrcerccrcerereennene 39
Figure 3-5. Concentric circle sampling of firing position plume and OTP areas.......c.cccevveeerenennne 311
Figure 3-6. Sampling from fixed lanes in firing position PluMe area..........cocuoeeereerrienerneneresesenennens 3-12
Figure 4-1. Arnhem antitank range target @rea........ccouuverververcereriererereeseeses s sese s e sessesssssessesssaes 4-7
Figure 4-2. Arnhem antitank range firiNg POSItIONS .......cecreeereeirererer et 4-8
Figure 4-3. Briefing the PP1 Infantry 06/07 group prior to the firing exercise.........cocvvvveeverereeenne 4-9
Figure 4-4. Students of the PP1 Infantry 06/07 course prior tO fifiNg.......cceeeeereersersercercerscrererenns 49
FIBUIE 4-5. PArtiClE 1rap ..cceuecceee ettt e et n et ne e nnn 4-12
Figure 4-6. Integrated 84-mMM FOUNG......c..cccieirereereceee et se e se e 4-13
Figure 4-7. Propelling chamber of the 84-mm rOUNd.........ccceeeereeereersersercrere e s 4-14
Figure 4-8. Two 84-mm rounds, GagetoWwn NB .........ccocerrrrenerercreeeesese e neeas 4-14
Figure 4-9. Particle trap behind firing line with SNOW STOPPET ...cveeeervircerierierererer e 4-15

Figure 4-10. Lines of particle traps in front of the firing lIN€......coeoeeeceereeeer e 4-16



ERDC TR-08-1

xi

Figure 4-11. Lines of particle traps behind the firing line, between -30 and -50 M ......ccceceeeeeeee 4-17
Figure 4-12. Particle traps behind the firing line, between -5 and =20 M.....cccevvevnrenreneresennnne 4-17
FIBUIE 4-13. FIEIA SEUUD ..cteueetrueeeetretr ettt e e e e e e ne e ne e enens
Figure 4-14. SAMPIE PrOCESSING......ccceurirererererereserest e sese st sse st s e se e sse e see e sse e ss e s se s e sssaesneneenens

Figure 4-15. Snow sample collection, -20-m area

Figure 4-16. View looking rearward from FP #1 after completion of fifing.......cccceveeereenescnencnnens 4-24
Figure 4-17. Particles collected at +5 and —5 M ...t 4-24
Figure 4-18. Particles collected at =10 M ..ot sas e sneas 4-25
Figure 4-19. Particles collected at —15 m, FP #1 and #2.......cccoiverveerrernerreesesereseeese e 4-25
Figure 4-20. Particles collected at -20 m in the middle and in external traps........cccccevrererenennens 4-26
Figure 4-21. Particles collected at =30 and =40 Mu...coecrerrinernrerenesesese s ssssessens 4-26
Figure 4-22. ATR FTIR and related match from a database for the larger particles..........cccoceeunnene 4-27
Figure 4-23. ATR FTIR and related match for the thin glassy partiCles......c.covvveerrnrienriesericnenens 4-27
Figure 5-1. Fixed mount equipped With @ PIStOl .......ccevererierniennenesesesseseseseseseseseseses s ssssessens 5-12

Figure 5-2. Stop butts and sampling [@YOUL..........c.cccrerrerrerreerercree e
Figure 5-3. Ground sampling layout ...........ccceeceueuenee.

Figure 5-4. Sampling setup for Browning pistol

Figure 5-5. Browning pistol surrounded by air-monitoring cassettes and sorbent tubes............... 5-17
Figure 5-6. C6 machine gun with weapon enclosure bag and sampling tubes installed .............. 5-17
Figure 5-7. Close view inside the weapon enclosure bag on the C6 machine gun..........ccccccceeuee.. 5-18
Figure 5-8. C7 automatic rifle with weapon enclosure bag and sampling tubes installed............ 5-18
Figure 5-9. Close view inside the weapon enclosure bag on the C7 automatic rifle...................... 5-19
Figure 5-10. Homogenization of pail content on an orbital Shaker........coeceeerneerercnnreccecereene 5-22
Figure 5-11. Evaporation of pail CONENT.......cceceeeerererereree et s e se e e e s 5-23
Figure 5-12. Portion of the filters used for SEM @nalySes.........coocereereeerenereneeesereseseeseeeeneennene 5-25
Figure 5-13. Micrograph of a blank monitoring cassette filter at a 5000x magnification............. 5-26
Figure 5-14. Typical EDX spectrum of particulate matter analySiS.......ccccvevvereerrerererereeseesersereennens 5-27
Figure 5-15. Dispersion of NG on the ground for the 9-mm caliber after 1000 rounds................. 5-29
Figure 5-16. Dispersion of NG on the ground for the 7.62-mm caliber after 1000 rounds........... 5-30
Figure 5-17. Dispersion of NG on the ground for the 5.56-mm caliber after 1000 rounds........... 5-31
Figure 5-18. Dispersion of NG on the ground for the .50 cal after 1000 rounds.........cccoeeeererernne 5-34
Figure 5-19. Dispersion of NG on the ground for the .338 cal after 2000 rounds.........cccceereererneae 5-34
Figure 5-20. MONITOrNG CASSEES. ....cuereeireriereerererereraeresseseeseesesses e e e s e sseeseeaesaessessessessssessesnsenssnen 5-37
Figure 5-21. Micrographs of particles collected on monitoring filter #9.......cceveerrerrrienriceenenes 5-40
Figure 5-22. Micrograph of particles collected on monitoring filter #10 .......ccccceeereinrienericeenenes 5-41
Figure 5-23. Micrograph of particles collected on monitoring filter #11 ......ccoveeveeeeeercerccrccrcernn. 5-42
Figure 5-24. Micrograph of particles collected on monitoring filter #12 .......ovcereenvenrieecreneeenes 5-43
Figure 5-25. Micrographs of particles collected on monitoring filter #13........cccoevrvirnienricnenenes 5-45
Figure 5-26. Micrographs of particles collected on monitoring filter #14 ......coceeeeeeeeececercercennen. 5-46

Figure 6-1. Leopard C2 main battle tank........ s 6-8



ERDC TR-08-1 xii

Figure 6-2. Representations of all 205-mm tank gun ammUNItION.......cccooeeererrercrsrerese e 6-9
Figure 6-3. Projectiles of the armor piercing weapons (APFSDCT)......ccovirrenerenesenesenessssessssenenns 6-10
Figure 6-4. Different designs for the APFSDS T........cco ettt enns 6-11
Figure 6-5. Practice ammunition TP/FSDS-T, C71, and SR/TPDS-T, C148.......cccorenerenererrerescnens 6-13
Figure 6-6. Practice round SR/TPDS-T, CLA8.......cccvurrerrerirenersesesses e ssssesss e sssssssssssssssssnns 6-14
Figure 6-7. Representations of HESH-T and SH/Pract ammunition.........cceceevververeereneseeseescneenaens 6-15
Figure 6-8. SH/Pract tank gun ammuUNItiON ...t 6-16
Figure 6-9. Representations of Smoke WP-T M 416 ammuNitioN .......cceverererereseresesssesessesssenenns 6-17
Figure 6-10. Smoke WP-T M 416 @mMMUNITION .....covrueeererererereerecre et ses e e sesesessesenns 6-18
Figure 6-11. Sampling strategy used in September 2003.........cccoeeerrerrnerreneresese s 6-19
Figure 6-12. Particle traps used in front Of the tanK......coucvvvennesnsesnesne e sssesnens 6-20
Figure 6-13. Sampling strategy used in front of the tankK........cecereercerncennes e 6-21
Figure 6-14. Disposition of particle traps in front of the tanK........ccccvvrervrvrcrieneceee e 6-22
Figure 6-15. Craters in front of the bunker in Drummond Demo Range.....c..cccvvvvevrenerenscsnsennnns 6-23
Figure 6-16. Demolition bays in South Boundary Demo RaNGE.......ccceveeerrienerernrernienenesesesenens 6-24
Figure 6-17. Walls surrounding the CONCrete PadS........ccoeccerrererierercsersesesesesese e sneeenens 6-25
Figure 6-18. Small construction to practice door demMOlItioN .......cccercererrerereneresesesesese s 6-25
Figure 6-19. Concrete cutting area in South Boundary Demo Range .......c.cccvveeercenencenerenenenennens 6-26
Figure 6-20. Crater area in South Boundary Demo RaNGE..........ccorcericrerienerienereeeeeseesieeeneenne 6-26
Figure 6-21. New pan holders developed to protect partiCle traps.......cuevverereressesessesersesesesensnns 6-32
Figure 6-22. Particle traps inserted into the new pan holders ........couvvercrcereercerierereree e 6-32
Figure 7-1. Gun muzzle at one end of the first cell of the MUffler........o e 7-6
Figure 7-2. Side VieW Of the MUFFIET ...t 7-6
Figure 7-3. EXit Of the MUFTIEI .. 7-7
Figure 7-4. Plate CULIN N@IF ...t 7-7
Figure 7-5. Witness plate at the bottom of the first Cell ... 7-8
Figure 7-6. Gas valve with pumps and opened hatCh .........cocvcrercereerecesr e 79
Figure 7-7. Evacuation system for gases in the MUFfIEr ... 79
Figure 7-8. Protective OUtfit aNd MasK.......ccoecerirrereiereree et 7-10
Figure 7-9. Types of guns used by the Canadian ArMY.......ccccecereeeresersersersererreseseseesessessesseesesaens 7-11
Figure 7-10. Propellant bags within the MB7 Charge ... 7-14
Figure 7-11. Bag 1 opened: Small propellant Srain .........cocceeeerenrenerreneseseresesesesese s 7-15
Figure 7-12. Bags 5 and 6 opened: Large propellant rain.......ccoceoeereeeeeserreriersereresseseesessessesens 7-15
Figure 7-13. Primer locations within the Squash Head Practice CBO.........cooeererervenerenerescrenennene 7-17
Figure 7-14. Squash Head Practice C60 105-mm round projectile.........ccuuvverververererennensensersennens 7-18
Figure 7-15. Empty shells that were sampled after firiNg ......coeeeeeeecrcrccrccre e 7-18
Figure 7-16. Residue on the floor Of the firSt Cell........vrirriirreeree e 7-19
Figure 7-17. Setup of witness plate outside the MUFFIEN ........ccvierrerrcennierre e 7-20
Figure 7-18. Setup of the part of the study conducted outside of the muffler........c.ccvvenricencne 721

Figure 7-19. SEM micrograph of the residue collected on the floor of the muffler after 20
rounds fired (seen at a magnification of 50x%), showing large, fractured particles................. 7-35



ERDC TR-08-1 xiii

Figure 7-20. SEM micrograph of the residue collected on the floor of the muffler after 20

rounds fired (seen at a maghnification of 50x), ShOWING fIDErS.......ceecreererrerrereceeee 7-36
Figure 7-21. EDX spectrum of the fiber on Figure 7-20D .......ccovevrerrsenenienenesesesesesesesesesesesennens 7-37
Figure 7-22. EDX spectrum of the bulk particle on Figure 7-20D........cccovvevrerierierereseseeseeeeesenaens 7-37
Figure 7-23. SEM micrograph of the residue collected on the floor of the muffler after 20

rounds fired (seen at a magnification Of 1,000X) .......cccoerrerrenerererese e sseeseens 7-38
Figure 7-24. EDX spectrum of the particle on FigUre 7-23 ........cirrvrnnnnesesesesesesesessssessssensnns 7-38

Figure 7-25. SEM micrograph of the residue collected on the floor of the muffler after 20
rounds fired seen at a magnification of 1,500x% in the backscattered electron imaging

0T [OOSR 7-39
FIBUIE 7-26. EDX SPECIIA.....ciuiueeercrererirese ettt se e e st e et r e s ne e ene e enens 7-40
Figure 7-27. Typical TGA-DTA of the residue collected on the floor of the muffler after 20

0T8T aTe S =T YRS 7-41
Figure 8-1. Sampling layout at Oates Firing Range, Fort Richardson, Alaska .........cccecceveeerencrnenne 8-6
Figure 8-2. Profile sampling in soil pit at Oates Firing Range Lane 7, Fort Richardson,

= 1S L= OO RRRR 87
Figure 8-3. Sampling layout at Sports Firing Range, Fort Richardson, Alaska.........c.cccevevevcecrerenenn. 8-8
Figure 8-4. Range 5/5A at 29 Palms, CalifOrnia.......coceoeereeeererrenreeeseeeesesesesee et 89
Figure 8-5. Sampling layout at Range 5/5A, 29 Palms, California........coeeevvererenreneseseresereeeneeens 89
Figure 8-6. Schematic of depth profile sample locations collected at Range 5/5A, 29

= L ET 0= 11 {0 - N 8-10
Figure 8-7. Range 2, site of 9-mm pistol firing at 29 Palms, California......ccccceveeeerereeercerccreersennen. 810
Figure 8-8. Layout of 40-m-wide samples areas at Range 2, 29 Palms, California .........ccecceueucee. 811
Figure 89. Range 113, site with multi-purpose machine gun training at 29 Palms,

(072 111 (0] 1 01 = T RSOOSR 811
Figure 8-10. Sampling layout at Range 113, 29 Palms, California ........ccecceeveerierrerereerenseesersereenaens 812
Figure 8-11. Pistol Range Q, CFB Petawawa, ONtario.........couccereeerenernenereserese e seeseseeeenens 8-13
Figure 8-12. Sampling layout at Range Y, used for rifle training, CFB Petawawa, Ontario, in

B0 OSSO 815
Figure 8-13. Sampling layout at Range Y, used for rifle training, CFB Petawawa, Ontario, in

D200 OSSOSO 8-16
Figure 8-14. Layout of sampling at Rifle B Range, CFB Petawawa, Ontario, in 2007 .........cccceueuuee 817
Figure 8-15. Sampling layout at the 9-mm Pistol Range Q, CFB Petawawa, Ontario, in

B0 OO 8-18
Figure 8-16. Range 5 in CFB/ASU Wainwright, Alberta, showing the target area with white

signs and the first firing line in the foreground.........oecececeeece e 819
Figure 8-17. CRREL-designed corer used for SAMPIING.......coeerrrerriererrerenresereseseseseses e ssesesseeenens 8-20
Figure 8-18. % RSD due to subsampling uncertainty as a function of mean concentration

(o AN LR 1= | OSSR 8-25
Figure 8-19. Total error % RSD due to field sampling and sample processing as a function

of mean concentration Of NG iN SOIl.....ccceeceriirierrer e e 8-27

Figure 8-20. Plot of NG concentration vs. depth for soil profile samples collected at small
ITNS FANEES c.veeueeuereerrerserseseessasseseestesessessrsesseaseessssessssssssessessensensensestensentesssssensssessesssssessensensensensenes 8-46



ERDC TR-08-1 xiv

Figure 8-21. Plot of 2,4-DNT concentration vs. depth for soil profile samples collected at
SIMAIL BINS FANZES ....ceeeeeeeriee et se e e et e s e s Rt sa e e e e ne e s e e e e e e s e e ene e enan 847

Figure 9-1. Location map of CFB Petawawa, ONtario ........ccocvcerrenernnersnesenesssesessesessesessesesesessesessens 9-5
Figure 9-2. Groundwater sampling of well GW-A-7 near anti-tank firing position 4 in Alpha

Figure 9-3. Anti-tank firing positions in Alpha Range

Figure 9-4. Profiling of NG concentration in soil behind firing bay 4, Alpha Range .........ccuevverenene 9-14
Figure 9-5. Anti-tank firing pOSItiONS iNAr€a 8 ...ttt 9-15
Figure 9-6. Artillery firing positions at Juliet TOWer, Area 2.........ccoeererrerereiereeeeeesesesesesese e 9-18
Figure 9-7. Artillery firing positions at Hotel TOWEr, Ar€a 2 .......ccuueerererrenenenessesesssesssesssessssesssssssnns 9-20
FISUre 10-1. HMCS MONIIEA .....cueeereeereceererisieeenes s seeseses s sese s s e s s se s ss e sessn s neneses
Figure 10-2. Outside Of the SUN MOUNT ..ot
Figure 10-3. Inside Of the SUN MOUNT.....ccicriceriierrerererere et nen
Figure 10-4. Sampling area A, VErtiCal SUIMACE .......cccverrerererere et
Figure 10-5. Sampling area D, horizontal SUITACE .........cceerieerircercrerereeee e

Figure 10-6. Sampling area F, using aluminum foil

Figure 10-7. Naval Facility located near Dartmouth.........ccoecreerencneneneere e 10-14
Figure 10-8. Two fixed firing positions aimed OffShOre..........ccoieererrrreere e 10-14
Figure 10-9. Closer view of one of the firing POSItIONS........ccerererererererirreere s 10-15
Figure 10-10. Cliff in front of the fixed firiNg POSILIONS .....cccoeeirerrerereere e 10-16
Figure 10-11. Upper view of the firing positions from the Cliff........cccvererrercrsncniercrerereeenee 10-16
Figure 10-12. Potential former firing POSItIONS......cccocrererureerereriresercs s

Figure 10-13. SAMPIING QrEaS .....cceereerrerrerererereseesesseeseesessesesessesessesssssessessssssssessssesseensssssssssenes

Figure 11-1. LGL Mark Il 205-MM NOWILZET .....ccvioieereereeeeiree ettt
Figure 11-2. 105-MM HE PrOJECHIES ..vitriierererrrerinertseses e sesesessese s ses e e ssesessssessssessssssssssssssssssnssnens
Figure 11-3. M67 propelling charges (105 mm)
Figure 11-4. M777 155-mm howitzer

Figure 11-5. 155-MM HE PrOJECHIES ...cocerirereeee ettt
Figure 11-6. Emissions at the muzzle of the gun of the M777 155-mm howitzer .........cccc......... 11-12
Figure 11-7. M3A1 propelling charge (155 MM)..ccicicivririerenere e ses s sse e sessssssssssassens 11-13
Figure 11-8. LG1 Mark Il 105-mm howitzers on sector #14 at CFB Valcartier ........c.cccovveeenenene 11-15
Figure 11-9. Military personnel's position during firings of the LG1 Mark Il 205-mm

1011 7T £ PP 11-16
Figure 11-10. Plume created after the firing of the LG1 Mark Il 205-mm howitzer ..................... 11-17
Figure 11-11. Table setup for the firings of the LG1 Mark Il 205-mm howitzers........cccvreerurune 11-17
Figure 11-12. Gunners' positions during the M777 155-mm howitzer eXercise ........ccecveeeeeruenee. 11-18
Figure 11-13. Table setup for the M777 155-mm howitzer fifiNgS ......ccoverrvcrrnernncrenreserenereens 11-19
Figure 11-14. Sampling material/@CCeSSONIES.......uurrererereereeeeeeereee s see s 11-21
Figure 11-15. CasCade iMPACION .....ccvcereerrererererereeseesseseesessessessessessessesnessessesssssessessssseesnsssesseenseaes 11-22
Figure 11-16. SamMPIING StAtIONS......ccviiireecree et ean 11-23

Figure 11-17. Portion of filter and cascade impactor substrate used for SEM analysis ............. 11-29



ERDC TR-08-1

XV

Figure 11-18. Micrograph of an unused monitoring cassette filter..........ouvverrrnnenrneserieneneens 11-29
Figure 11-19. Micrographs of a blank cascade impactor substrate at various

QT = a1 Te%= a0 TS SO 11-30
Figure 11-20. Typical EDX spectrum of particulate matter analysis ........c.covrveeceeeernnescnnnerenennas 11-31
Figure 11-21. Micrographs of particles collected on monitoring filter #105-1 ........cocccvrveercnne 11-38

Figure 11-22. Micrographs of particles collected at different positions on monitoring filter

Figure 11-23. Micrographs of particles collected on the center of monitoring filter #105-2 ......11-41

Figure 11-24. Micrographs of particles collected on the center of monitoring filter #105-2,
showing a large, irregularly shaped PartiCle .......cooovorrrrcrns s

Figure 11-25. Micrographs of the substrate of Stage #3 of the cascade impactor
Figure 11-26. Micrographs of the substrate of Stage #4 of the cascade impactor
Figure 11-27. Micrographs of the substrate of Stage #5 of the cascade impactor............cceu..c...

Figure 11-28. Micrographs of the substrate of Stage #6 of the cascade impactor
Figure 11-29. Micrographs of the substrate of Stage #7 of the cascade impactor (105-

L0 0T TR = SO RRR 11-51
Figure 11-30. Micrographs of the substrate of Stage #8 of the cascade impactor (105-

LT 0T 1= OSSR 11-53
Figure 11-31. Micrographs of different positions of Filter #155-1.......cccccvvvrrnrernnrnsesnserensenenns 11-57
Figure 11-32. Micrographs of particles collected on Filter #155-2 .....coeveeceveeereercereercerercerennens 11-59
Figure 11-33. Micrographs of the substrate of Stage #7 of the cascade impactor (155-

LT T 1= OSSR 11-61
Figure 11-34. Micrographs of the substrate of Stage #8 of the cascade impactor (155-

LT 0T U= ISR PSRRI 11-63
Figure 12-1. Propellants tested in thisS StUAY ......cvccecerrerererere e e s sae e e s 12-8

Figure 12-2. Breakthrough curves for nitroglycerin, nitroguanidine, and ethyl centralite
from M30 propellant, and tritiated water in Adler silt under continuous-flow and
ES100) 0] 0T=To I 4 01TV oo T L1 0] 1O 12-19

Figure 12-3. Breakthrough curves for nitroglycerin, nitroguanidine, and ethyl centralite
from M30 propellant, and tritiated water in Adler silt under continuous-flow and
L300 o] o1=To & [01VT A To) o Vo L1 o] g 1= OSSR 12-20

Figure 12-4. Breakthrough curves for nitroglycerin and ethyl centralite from M9 propellant,
and tritiated water in Adler silt under continuous-flow and stopped-flow conditions........... 12-23

Figure 12-5. Breakthrough curves for nitroglycerin and ethyl centralite from M9 propellant,
and tritiated water in Plymouth silt under continuous-flow and stopped-flow

(o0 0T 11110 1 SRS 12-24
Figure 13-1. Soil sampling plan for sled track @rea .......coooeverrreeericnersereeeerese e 13-5
Figure 13-2. Blast deflector positioned at the start of the sled track ......cccoceeeeeerccrcrccrcceenenee. 13-10
Tables
Table 1-1. Summary of solid propellant classes with common examples........ccuvvvrvrveriereresensenens 1-2
Table 1-2. Significant compounds in propellant formulations ..o 1-6
Table 2-1. Residues collected and examined 10 date.......ccvvcrvverriernserssennesesere s 2-2

Table 2-2. Dimensions and mass of 10 propellant fibers extracted and analyzed for DNT ............ 2-7



ERDC TR-08-1 xvi

Table 2-3. Results to date on the dissolution of M1 fiber residues, an M1 unfired grain,

and an unfired MO Propellant ...t 2-17
Table 3-1. Propellant constituents for munitions used during firing poiNt tests .......ccovvvrevernserenne 35
Table 3-2. Areas sampled for SMall-arms tESTS .....uuiirerrercerrrere e sae e ees 37
Table 3-3. SAMPIEA GrEAS .....coueeieeeetrerer ettt s a et et e e et et e e e et e s 3-16
Table 3-4. Analytical results and per-round calculations for small arms tests......ccceceeeeeeeeecercennen. 3-17
Table 3-5. Summary of small arms firing point propellant residues test results ........cccceeererereenne. 3-20
Table 3-6. Sampler variation 1St rESUILS .....coevirieeererrcer e 321
Table 3-7. Downrange estimates of small-arms propellant residues deposition .........c.cucevercererene 3-22
Table 3-8. Comparison of various firing point residues 10ads........cccovereervercerrerereneseeeesses s sesesaens 323
Table 4-1. Number of rounds fired by each group at both firing poSitions ........cccceveeeeriererenerenene 4-10
Table 4-2. Analytical results: Mass of NG d€POSIted........ccceeeuererrerrerrerrirerieeeeeressesaeseesessesseesesessens 4-29
Table 5-1. Description of ammunitions and weapons used for each trial........cccoceveevcervrcerierceeenen. 5-6
Table 5-2. Priming compositions used in the 9-mm MK1 ball cartridges .......ccceveeerrererenennncnneene. 5-6
Table 5-3. Description of MUNItIONS USEA ......ccceerueeeeeerieceecee e s see e e e s e s e eaesnennenan 5-8
Table 5-4. Priming compositions used in the 7.62-mm C21 ball cartridges .......ccoeeerrerereeserersererenes 59
Table 5-5. Weapons and ammunition used for air sampling with the respective duration of

EST= Y00 o] T F=ar=T oo Iy g o= SRS 5-15
Table 5-6. Collection media for gases and particles SAMPIING .....c.coveeeererereererererereeese e 5-20
Table 5-7. Nomenclature of the samples and position according to the weapon..........ccceeeeeveenne. 5-21
Table 5-8. NG residues per ammunitioN/WEAPON .......cceveeerrerrerrersersesesesesseseeseesessessessessessessesssssnns 5-32
Table 5-9. Gas analysis of air samples collected at the muzzle and the upper receiver of

LTSN =11 o T 5-35
Table 5-10. Comparison of particulate matter collected with monitoring cassettes for

different WeapoNS/aMMUNITIONS .....ceecieieriieeerreeeeeste e sssesessseesesseseessesssessesssessesssessesssessssssssnes 5-39
Table 6-1. 105-mm tank gun ammunition propelling Charges ........couvrrerrrererrererrenesesesese e 6-12
Table 6-2. Composition of single-base propellants M1 and MB.........ccocrveeverererenesensnseseeserennens 6-18
Table 6-3. Results from the Leopard tank gun firing
Table 6-4. Results from the s0ils in deMOIItION FrANZES .....coveeereeererrereee e 6-33
Table 7-1. Mass of propellant in Bags 1 t0 7 in 105-mMm roUNdS......ccccoerereeiernerneriensereresesseseenenns 7-12
Table 7-2. Composition of single-base propellant M1 ... erececrrreererrere e se s e seeaens 7-16
Table 7-3. Methods, sampling media, and equipment for each contaminant........cccceceeeeecereennen. 7-23
Table 7-4. Results from analyses of particles emitted during the muffler gun firing .......c..cccc....... 7-30
Table 7-5. Results from analyses of particles emitted during outdoor gun firing .......cccceeeverereeenen. 7-32
Table 7-6. Gravimetric analysis Of the rESIAUE .......ccce e
Table 7-7. Thermogravimetric analysis Of the reSIdUE ........coeererrerrerre e
Table 7-8. Elemental analysis Of the reSIAUE......cicrererereerreee e rerer e rae s e se e eneeneen

Table 7-9. Size distribution of particles for the various tests
Table 7-10. Recommendations for particulate matter concentration in ambient air..................... 7-45
Table 7-11. Total hydrogen cyanide concentrations for the various tests........covverererereercersercennens 7-47
Table 7-12. Benzene and toluene CONCENTIAtIONS........coceruirrrerceerereee et 7-49



ERDC TR-08-1 xvii

Table 7-13. 2,4 dinitrotoluene concentrations for the various testS........ccvvvervncrcerenerereeseneene 7-51
Table 8-1. Propellant constituents for munitions used during firing poiNt tests .......ccovvvrevernsenenne 83
Table 8-2. Records of rounds fired in the small arm ranges of CFB Petawawa from 1997 to

320 OO OR 814
Table 8-3. Laboratory blanks and laboratory control samples analyzed along with soil

samples from Petawawa, 29 Palms, and Fort Richardson small arms ranges.........cccueceene. 823

Table 8-4. Relative standards deviation distribution for triplicate replicate subsample
results for soils from small arms ranges at CFB Petawawa, 29 Palms, and Fort

LR {0] =0 Yo} o T 825
Table 8-5. Relative standard deviation distribution for sampling replicates from CFB

Petawawa, 29 Palms, and Fort Richardson small arms ranges .........coeeeerereeenereenesessesnsenenns 8-26
Table 8-6. Concentrations of propellant-related chemicals in soils at Range 5/5A, 5.56-

mm rifle range, 29 Palms, CalifOrnia......coueurecrerieninieresereseees e 8-28
Table 8-7. Concentrations of propellant-related chemicals in soils at Range 2, 9-mm pistol

range, 29 Palms, CalifOrNia. .....uuvueereriererierersesisesesesessesessesessesessssessesessssesssssssssessssssssssssssessssssens 8-29
Table 8-8. Concentrations of propellant-related chemicals in soils at Range 113, machine

gun range, 29 Palms, California......ccouoveerrrrrrerererereeree s see s s s e sae e ssessese e e ssee e sessessesneeaes 8-29
Table 8-9. Concentrations of propellant-related chemicals in soils at Oates machine gun

firing range, Fort Richardson, AlaSKa.........coreererereereeee et 831
Table 8-10. Concentrations of propellant-related chemicals in soils at the sports firing

range, FOrt RIChardSONn, AIASKA ........ceererreirreenirnereses et st se s se e ses e s e e e sesesneens 8-32
Table 8-11. Concentrations of propellant-related chemicals in soils at Y Range, used for

rifle training, CFB Petawawa, 2005 and 2006.........ccoceeeeerrrerrerrerierereresesseseesessessessessessessenns 8-36
Table 8-12. Concentrations of propellant-related chemicals in soils at Rifle B Range, CFB

Petawawa, 2005 and 2007 ......ocoeeceeeeeeeceeereerieseeeseesseesteeesssessesssessesssesssssssessessssssessssssessesssessennn 8-38
Table 8-13. Concentrations of propellant-related chemicals in soils at Rifle C and D

Ranges, CFB Petawawa, 2006.........coccuervirnereriereseesiesesseeses e se e e ssesssssesssssssessesssssssssssssssssesns 8-39
Table 8-14. Concentrations of propellant-related chemicals in soils at Pistol Q and E

Ranges, CFB Petawawa, OCtober 2005 ......ccoioeeeerercrcrereraeresaeseeseesessesesessessessessssnsssesssnns 8-40
Table 8-15. Energetic materials at firing positions at Pistol Range 4 and Rifle Range 5,

CFB/ASU WaINWIIGNT......cueeteeeeeereresiresssesssesesesessessssessssessssesssssssssssssssssssnssssssesssssssssensesssssnsssen 841
Table 8-16. Approximate number of munitions fired at Range 5, CFB/ASU Wainwright ............... 841
Table 8-17. Energetic materials at firing positions in Rifle Range 6, CFB/ASU Wainwright ........... 842
Table 8-18. Energetic materials at firing positions at Zeroing Range 9, CFB/ASU

WEINWIIGNT. ... s s n s m e e e e e e e e e e e e e e e e s 842
Table 8-19. Military Training Soil Quality Guidelines for the Protection of Human Health

F= 10T I8 =1 01V 10 oY 0= o OO 848
Table 9-1. Well information at firing positions at CFB PEtaWawa .........cocuevrererenenenesesesessesessesesenes 94
Table 9-2. Maximum concentrations seen at anti-tank, artillery/mortar, and small arms

firing positions in surface soils and roUNAWALET .......ccccceeeeeererrerrer e 9-24
Table 10-1. Chemical composition of WC859 propelling charge, 20-mm gun .......ccoeeereeererennenes 10-6
Table 10-2. Chemical composition of NC1066 propelling charge, 40-mm gun and 57-mm

=0 o OO ST RSOSSN 10-7
Table 10-3. Chemical composition of NC 1281 propelling charge, 57-mm gun.......ccceceeeececereernen. 10-7

Table 10-4. Chemical composition of the M6 +2 propelling charge, 76-mm gun .......c.ccccecveceeruene. 10-7



ERDC TR-08-1 xviii

Table 10-5. Sample locations and area SAMPIEd ........cccceceeircercrreeserree e e e seeeeenns 10-11
Table 10-6. GPS positions for soil samples collected at the Osborne Head range..........ccocevurnene 10-18
Table 10-7. Results, soil samples collected at the Osborne Head range........cceveeeeveerereercersereeraens 10-22

Table 11-1. M1 propellant COMPOSITION .....ceeieiieceeie ettt e se e e s e e e sneeneenns
Table 11-2. Propelling charge MB7 .......cccecveerernene
Table 11-3. Propelling charges M3A1........cccccceuuee
Table 11-4. Overview of SaMPliNG CONAITIONS ......coueeerererereree et

Table 11-5. Pump flows for particles sampling

Table 11-6. Cut points for each stage of the cascade impPactor........ccvveevereerereceecrsrcescercereenens 11-23
Table 11-7. Polycyclic aromatic hydrocarbons analyzed in this study .......cccceeveeeeciececccncecccens 11-26
Table 11-8. Metals analyzed in this STUAY.......cceereerierrerereree et eaean 11-27
Table 11-9. Aldehydes analyzed in thiS StUAY.......ccereerrrrernnerrerer sttt 11-28
Table 11-10. Mass of particles on the monitoring CaSSETES........ccoverererrrnerenerese e 11-33
Table 11-11. Distribution of particles according to the cut points of the impactor ........ccceceeevnne 11-33
Table 11-12. Calculated total particle concentration in the plume........ccocvvverececesrcerccrcerennens 11-35
Table 11-13. Recommendations for particulate matter concentration in ambient air ............... 11-35
Table 11-14. Mass of particles on the monitoring CASSEES........ccuvvrrirernneresersseresesessesessesenns 11-54
Table 11-15. Distribution of particles according to the cut points of the impactor ..................... 11-55
Table 11-16. Calculated total particles concentration in the pluME ......ccccvcvvercerererncencencercennens 11-55
Table 11-17. Pump calibration for each type of SUDStANCE ......cccvcererceririerirenesesesesesese s sesennnns 11-65
Table 11-18. Concentrations of formaldehyde for each sampling location............cceevrecreicnnne 11-65
Table 12-1. Formulas and properties of nitroglycerin, nitroguanidine, and ethyl centralite .......... 12-4
Table 12-2. Physical and chemical properties of tESt SOIIS .....ccuirrrerrrrniernererce e 12-10

Table 12-3. Initial mas of M9 and M30 propellants and recovery of nitroglycerin,
nitroguanidine, ethyl centralite, and 3H20 traCer ........ccuvvrverercerrcereneser s seseees 12-14

Table 12-4. Solute transport parameters obtained by HYDRUS-1D for saturated flow
experiments with 3H20, nitroglycerin, nitroguanidine, and ethyl centralite eluting from

M30 and M9 propellants in Adler and Plymouth SOIlS........cceceecreeecrreesee et 12-16
Table 12-5. Concentrations of nitroglycerin and ethyl centralite in Adler and Plymouth soils
after experiment COMPIELION ..ottt a e e se e s s e saesaeenenas 12-22

Table 13-1. Concentration of perchlorate in surface soils at Eglin AFB sled track before
and after MLRS rOCKET fifING...couueeeeeeeeererest ettt 139

Table 14-1. Mass of NG or 2,4-DNT deposited per round fired for various weapon systems........ 14-9
Table 14-2. Summary of surface soil concentration estimates for NG and 2,4-DNT at

artillery and mortar fifiNg POINTS ....cccvieirerererresre e sae s 14-14
Table 14-3. Summary of surface soil concentration estimates for NG at antitank rocket

LT =38 0 T =R 14-16
Table 14-4. Summary of surface soil concentration estimates for NG and 2,4-DNT at

small arms range firiNG POINTS.....ccceeeererereree et e e e 14-17

Table 14-5. Summary of partition coefficient (Ka) and chemical half-life measurements for

Table 14-6. Summary of batch sorption partition coefficient (K4) and chemical half-life
MEASUrEMENTS TOr 2,4-DINT ......eeeeeeeieceecteceeetee et e et esee et e aessteeaessse e e s sse e e e sneenesneessesasansennn 14-24



ERDC TR-08-1 Xix

Preface

This report was prepared by the US Army Engineer Research and Devel-
opment Center (ERDC) and represents the collaboration of the ERDC Cold
Regions Research and Engineering Laboratory (CRREL), Hanover; New
Hampshire, the Defence Research Establishment Canada-Valcartier
(DRDC-Val), Quebec, Canada; and the ERDC Environmental Laboratory
(EL), Vicksburg, Mississippi. The research was sponsored by the Strategic
Environmental Research and Development Program (SERDP), Arlington,
Virginia, Mr. Bradley P. Smith, Executive Director, Dr. Jeff Marqusee,
Technical Director, and Dr. Andrea Leeson, Project Monitor, under Envi-
ronmental Restoration Project Number ER-1481. The principal investiga-
tor was Dr. Thomas Jenkins, Research Chemist, Environmental Sciences
Branch (ESB), CRREL, and co-principal investigators Dr. Guy Ampleman
and Dr. Sonia Thiboutot, Research Chemists at DRDC-Valcartier.

Various chapters of this report were reviewed by Dr. Clarence L. Grant,
Professor Emeritus, University of New Hampshire; Marianne E. Walsh,
Michael R. Walsh, Dr. Susan Taylor, Dr. Thomas F. Jenkins, and Susan R.
Bigl from ERDC-CRREL; and Dr. Mark A. Chappell, ERDC-EL.

At the time this work was performed, Colonel Richard B. Jenkins was
Commander and Executive Director of ERDC. Dr. James R. Houston was
Director.



ERDC TR-08-1 XX

This report may be cited as one document or by chapters as follows:

Whole document:

Characterization and Fate of Gun and Rocket Propellant Residues on
Testing and Training Ranges: Final Report; ERDC Technical Report 08-1

Jenkins, T.F., G. Ampleman, S. Thiboutot, S.R. Bigl, S. Taylor, M.R.
Walsh, D. Faucher, R. Martel, I. Poulin, K.M. Dontsova, M.E.
Walsh, S. Brochu, A.D. Hewitt, G. Comeau, E. Diaz, M.A. Chappell,
J.L. Fadden, A. Marois, R. Fifield, B. Quémerais, J. Simunek, N.M.
Perron, A. Gagnon, T. Gamache, J.C. Pennington, V. Moors, D.J.
Lambert, D. Gilbert, R.N. Bailey, V. Tanguay, C.A. Ramsey, L. Mel-
anson, and M.-C. Lapointe

Chapter 1: Introduction
S.R. Bigl and T.F. Jenkins

Chapter 2: Characteristics of Propellant Residues

S. Taylor, M.R. Walsh, J.L. Fadden, M.E. Walsh, V. Moors, S.R. Bigl,
A.D. Hewitt, N.M. Perron, and D.J. Lambert

Chapter 3: Propellant Residues Deposition from Small Arms Munitions

M.R. Walsh, M.E. Walsh, S.R. Bigl, N.M. Perron, D.J. Lambert, and
A.D. Hewitt

Chapter 4: Energetic Residues Deposition from 84-mm Carl Gustav
Antitank Live Firing

S. Thiboutot, G. Ampleman, A. Marois, A. Gagnon, D. Gilbert,
V. Tanguay, and I. Poulin

Chapter 5: Assessment of Gaseous and Particulate Propellant Residues
Resulting from Small Arms Live Firing

D. Faucher, S. Brochu, 1. Poulin, and M.R. Walsh



ERDC TR-08-1

XXi

Chapter 6: Study of Propellant Residues Emitted During 105-mm Leopard
Tank Live Firing and Sampling of Demolition Ranges at CFB Gage-
town, Canada

G. Ampleman, S. Thiboutot, A. Marois, A. Gagnon, and Major D.
Gilbert

Chapter 7: Study of Propellant Residues and Gases Emitted During

105-mm Howitzer Live Firing at the Muffler Installation in Nicolet,
Lac St-Pierre, Canada

G. Ampleman, S. Thiboutot, A. Marois, T. Gamache, I. Poulin, E. Diaz,
B. Quémerais, and L. Melanson

Chapter 8: Accumulation of Propellant Residues at Small Arms Firing
Points

T.F. Jenkins, A.D. Hewitt, M.R. Walsh, M.E. Walsh, R.N. Bailey,
C.A. Ramsey, S.R. Bigl, D.J. Lambert, S. Brochu, E. Diaz, M.-C.
Lapointe, I. Poulin, and D. Faucher

Chapter 9: Propellant Residues in Surface Soils and Groundwater at Firing
Positions at Canadian Force Base Petawawa, Ontario

R. Martel, G. Comeau, S. Brochu, and A.D. Hewitt

Chapter 10: Assessment of the Dispersion of Propellant Residues from
Naval Live-Fire Training

S. Thiboutot, G. Ampleman, Lieutenant (N) R. Fifield, A. Marois, and
A. Gagnon

Chapter 11: Characterization of Air Emissions from Artillery Live Firing of
LG1 Mark Il 105-mm and M777 155-mm Howitzers

I. Poulin, E. Diaz, and B. Quémerais



ERDC TR-08-1 xxii

Chapter 12: Dissolution and Transport of Nitroglycerin, Nitroguanidine,
and Ethyl Centralite from M9 and M30 Propellants in Soil

K. Dontsova, M.A. Chappell, J. Simunek, and J.C. Pennington

Chapter 13: Estimation of Perchlorate Deposition from the Firing of a
MLRS Rocket

T.F. Jenkins, A.D. Hewitt, S.R. Bigl, D.J. Lambert, and J.C. Pennington
Chapter 14: Summary and Conclusions

T.F. Jenkins, S.R. Bigl, and Judith C. Pennington



ERDC TR-08-1 xxiii

Nomenclature
ACGIH American Conference of Governmental Industrial
Hygienists
ACN Acetonitrile
AEC Army Environmental Center
Ald Aldehydes
APFSDS Armor Piercing Fin Stabilized Discarding Sabot
ATR Attenuated Total Reflectance
BEI Backscattered Electron Imaging mode
BLP Blind Loaded Plug
BTC Breakthrough Curve
BTEX Benzene, Ethylbenzene, Toluene, and Xylene (o, m, p)
CCME Canadian Council of the Ministry of Environment
CEA Camp Ethan Allen
CEC Cation Exchange Capacity
CFB Canadian Force Base
CFB/ASU Canadian Force Bases/Area Support Unit
CN Total Cyanide
CRREL Cold Regions Research and Engineering Laboratory
DAD Diode Array Detector
DND Department of National Defence
DNT Dinitrotoluene

DoD Department of Defense



ERDC TR-08-1

XXiv

DPA
DRDC
DTA
EC
EDX
EL
EOD
EPA
ERDC
FP
FTIR
GC
GC/MS
GPS
HE
HESH
HMCS
HMX
HPLC

IC/ESI/MS/MS

ICP/MS
LC/MS/MS

K

Diphenylamine

Defence Research and Development Canada
Donnelly Training Area (formerly Fort Greely), Alaska
Ethyl Centralite (diethyl diphenyl urea)
Energy Dispersive X-ray Analysis
Environmental Laboratory

Explosives Ordnance Disposal

Environmental Protection Agency

Engineer Research and Development Center
Firing Position

Fourier Transform Infrared spectroscopy

Gas Chromatography

Gas Chromatography/Mass Spectrometry
Global Positioning System

High Explosive

High Explosive Squash Head

Her Majesty’s Canadian Ship
1,3,5,7-tetrahydro-1,3,5,7-tetranitrotetrazocine
High-Performance Liquid Chromatography

lonic Chromatography/Electrospray lonization
Tandem Mass Spectrometry

Inductively Coupled Plasma/Mass Spectrometry
Liquid Chromatography/Tandem Mass Spectrometry

Adsorption coefficient (cm3g-1)



ERDC TR-08-1

XXV

METC
MG
MLRS
MMR

MTSQG

NC
NCSM
nd
NESTR(A)
NIOSH
NG

NQ
NSN
OM
OSHA
OTP
PAH
PM

PV

QC
RDDC

RDX

Munitions Experimental Test Center

Machine Gun

Multiple Launch Rocket System

Massachusetts Military Reservation

Military Training Soil Quality Guidelines (Canada)
HH - Human Health; cw - Human Health;

E - Environment; AL - Aquatic Life

Nitrocellulose

Notre Commandant Sa Majesté

Not Detected

Naval Electronic Systems Test Range (Atlantic)
National Institute for Occupational Safety and Health
Nitroglycerin

Nitroguanidine

NATO Stock Number

Organic Matter

Occupational Safety and Health Administration
Outside of the Plume

Polycyclic Aromatic Hydrocarbon

Particulate Matter

Pore Volume

Quality Control

Recherche et Développement pour la Défense Canada

1,3,5-hexahydro-1,3,5-trinitrotriazine



ERDC TR-08-1

XXvi

RfC

RPD

RP-HPLC

RSD

SAW

SE

SEM

SERDP

SH

SH/PRAC

SRTPDS

SvOC

TLV

TNT

TPFSDS

TP RAP

TSP

utTM

uv

VOC

WP

YTC

Reference Concentration (US EPA)
Relative Percent Differences

Reverse-Phase High-Performance Liquid
Chromatography

Relative Standard Deviation

Squad Automatic Weapon (a machine gun)
Secondary Electron imaging mode

Scanning Electron Microscopy

Strategic Environmental Research and Development Program
Squash Head

Squash Head Practice

Short Range Target Practice Discarding Sabot
Semi-Volatile Organic Compound

Threshold Limit Value

2,4,6-trinitrotoluene

Target Practice Fin Stabilized Discarding Sabot
Target Practice Rocket Assisted Projectiles
Total Suspended Particulate

Universal Transverse Mercator

Ultraviolet

Volatile Organic Compound

White Phosphorus

Yakima Training Center, Washington



ERDC TR-08-1 11

— Chapter 1 —

Introduction

SUSAN R. BIGL AND THOMAS F. JENKINS

Background

To maintain readiness, armed forces of the United States and Canada must
regularly conduct live-fire training exercises at Department of Defense
(DoD) and Department of National Defence - Canada (DND) training
ranges. To allow sustained training, each installation must comply with
environmental regulations ensuring that human health and the environ-
ment are not unacceptably compromised. In particular, the DoD and DND
must ensure compounds produced by live-fire training residues do not mi-
grate beyond installation boundaries at concentrations that impair the use
of ground and surface water resources for the surrounding communities.
In a DoD study funded by the Strategic Environmental Research and De-
velopment Program (SERDP), ER-1155 (initially CP-1155), research was
conducted largely to understand the nature and mobility of explosives
residues deposited at impact areas where munitions detonate. Some initial
research was also conducted on propellant residues deposited at firing
point areas. Because there was substantial remaining uncertainty about
the nature and mobility of propellant residues, SERDP funded ER-1481,
“Characterization and Fate of Gun and Rocket Propellant Residues on
Testing and Training Ranges.” This report summarizes the research con-
ducted under ER-1481 by the US Army Corps of Engineers Engineer Re-
search and Development Center (ERDC) and the Defence Research and
Development Canada - Valcartier (DRDC Valcartier). Assessing the depo-
sition, accumulation, and fate of residues associated with propellants at
training range firing points furthers the DoD and DND goal of quantifying
potential contaminants of concern.
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Gun and Small Rocket Propellant Formulations
Composition

Solid propellants for guns, artillery, and mortars are low-explosive materi-
als designed to burn at a controlled rate and rapidly produce gases that
create the pressure to accelerate projectiles from guns or propel rockets
toward targets (US Army 1990, Folly and Méader 2004). The rapid but con-
trolled burning of low explosives such as propellants is known as deflagra-
tion. Propellant formulations contain several components, with the pri-
mary being an energetic material, commonly a nitro-containing organic
chemical such as nitrocellulose (NC), often combined with other energetic
compounds such as dinitrotoluenes (DNT), nitroglycerin (NG), or nitro-
guanidine (NQ). Also included are compounds that modify burn rate,
binders or plasticizers (both energetic and inert) that enable loading and
packing the propellant into the shell, and lastly, compounds that absorb
nitrogen oxides, the breakdown products of NC, to increase propellant
stability during storage. Solid propellants used for rocket fuel (termed
“composite”) include an oxidizing solid (such as ammonium perchlorate,
powdered aluminum, or barium nitrate) together with an organic binder,
which acts as a fuel.

Table 1-1. Summary of solid propellant classes with common examples.

Type Examples Particle type* Principal ingredients
M1 Single- or multi-perforated cylinder NC, 2,4-DNT
Single M6 Multi-perforated cylinder NC, 2,4-DNT
base M10 Flake; Single- or multi-perforated cylinder NC, diphenylamine
M2 Single- or multi-perforated cylinder NC, NG, ethyl centralite
Double M5 Single-perforated cylinder or flake NC, NG, ethyl centralite
base M8 Increment sheet NC, NG, diethyl phthalate
M30 Multi-perforated cylinder or hexagonal
Triple M31 Multi-perforated cylinder; NC, NG, NQ, ethyl centralite
base Single-perforated cylinder or stick NC, NG, NQ, ethyl centralite
* Particle shapes are shown in Figure 1-1.

Solid propellants with NC are divided into three classes based on presence
of added energetic compounds (Table 1-1). Single-base propellants contain
NC alone as the principal energetic material. Double-base propellants
contain NC infused with a liquid organic nitrate, such as NG, which can
gelatinize the NC. Triple-base propellants include the two double-base
compounds NC and NG along with nitroguanidine (NQ), also known as
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picrite. NQ has an explosive power similar to that of NG, but burns at a
lower temperature, thereby reducing erosion in the gun barrel and reduc-
ing flash.

Three of the stabilizers utilized in propellant formulations are diphenyl-
amine (DPA), ethyl centralite (diethyl diphenyl urea), and akardites
(methyl diphenyl urea). DPA is used only in single-base propellants
because it is incompatible with the gelatinizing agent NG. Double- and
triple-base propellant formulations with NG use either ethyl centralite
or 2-nitrodiphenylamine as a stabilizer. Some double- and triple-base
compositions that employ diethylene glycol dinitrate (DEGDN) rather
than NG as the gelatinizer use a form of akardite for stabilization.

Deterrents or burn rate modifiers are added to propellants used in small
arms and large-caliber artillery rounds. They are impregnated into

the propellant surface, forming a coating that slows the initial burning
rate. Commonly used deterrents include 2,4-dinitrotoluene (DNT), 2,6-
dinitrotoluene, and ethyl centralite. A variety of alkali metal salts are also
added to some propellants to help reduce secondary flash and smoke.

Other non-energetic binders and plasticizers are included in some propel-
lant compositions to make the grains less brittle. Examples are two esters
of 1,2-benzenedicarboxylic (or phthalic) acids—dibutyl phthalate and di-
ethyl phthalate. A less commonly used binder is triacetin.

The propellant grains are also often coated with graphite, a lubricant that
prevents the grains from sticking together and dissipates static electricity,
avoiding undesired ignitions. Other additives can be included to lower
wear of the gun barrel liners. Examples include wax, talc, and titanium
dioxide.

Grain Size and Shape

The properties of the propellant are greatly influenced by the size and
shape of the grains, which can be in a variety of small spherical balls,
plates, or flakes, or in different forms of extruded cylinders (Fig. 1-1). The
propellant burns only on the particle surfaces; therefore, larger grains
burn slower. Many of the cylindrical shapes have internal perforations to
allow burning from the inside outwards simultaneously with burning from
the outside inwards. Some cylinders have a single central perforation; oth-
ers have multiple perforations, commonly with a central hole surrounded



ERDC TR-08-1

by six others. The size and shape of propellant grains used in a particular
munition are balanced in an attempt to regulate the burn so that an evenly
constant pressure is exerted on the propelled projectile while it is in the

barrel.
i /
Ball Sheet Strip Cord
o
oo
@ oo O
Pellet Single-Perforated Multi-Perforated Rosette
a. Propellant grain shapes.
0.55 Inches
37-mm

105-mm 105-mm 155-mm
Single- Multi-
Perforated Perforated

b. Example sizes.

Figure 1-1. Propellant grain shapes and example sizes. (From US Army 1990, 1993.)
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Ignition Train

Propelling charges are ignited through a chain reaction called an ignition
train, usually a series of combustibles and explosives arranged according
to decreasing sensitivity (Fig. 1-2). To activate, a stimulus such as impact,
heat, or spark ignites a small primer. In artillery ammunition, the primer
then sets fire to the igniter charge, which intensifies the small flame pro-
duced by the primer and initiates combustion of the large quantity of pro-
pellant. In some cases, igniter charges are also sandwiched between layers
of propellant. Commonly used igniter charges include black powder—a
combination of potassium nitrate, charcoal, and sulfur—and potassium
nitrate by itself.

Figure 1-2. Schematic of propelling charge ignition train. (From US Army 1990.)

Primer compositions are a mixture of primary explosives, fuels, oxidizers,
and other binders. Primary explosives include lead azide, diazodinitrophe-
nol (DDNP), lead styphnate, tetracene, potassium dinitrobenzofuroxane
(KDNBF), and lead mononitroresorcinate (LMNR). Fuels used are metal
thiocynates, antimony sulfide, and calcium silicide. Oxidizing agents in-
clude potassium chlorate and barium nitrate.

Primers include three main types: percussion, stab detonator, and electri-
cal. Several percussion and stab detonator priming compositions include
the compounds lead styphnate, tetracene, barium nitrate, antimony sul-
fide, powdered zirconium, lead dioxide, and PETN.
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The most commonly used electrical primers are the exploding bridge wire,
the hot wire bridge, and the film bridge. In an exploding wire detonator, a
large current passing through the wire causes it to burst, creating a shock
wave that causes the detonation. With this type, no priming composition is
needed; the wire is placed directly in a charge of RDX or PETN. Hot wire
and film bridges use priming compositions that include potassium chlo-
rate with various combinations of lead mononitroresorcinate, NC, lead
thiocynate, DDNP, charcoal, nitrostarch, titanium, and aluminum.

Summary

Table 1-2 summarizes the significant ingredients that compose the propel-
lant portion of propelling charges. The greatest mass is composed of the
oxidizers and energetic binders, ranging between 60 and 90 percent by
weight (Miller 1997, MIDAS 2007, Mirecki et al. 2006). Plasticizers and
inert binders account for approximately 5 to 25 weight percent. Stabilizers
and other compounds (flash reducers, primers, and igniters) account for
the remainder, occurring at less than 5 weight percent each.

Table 1-2. Significant compounds in propellant formulations.

Oxidizers Inert binders
and energetic plasticizers Stabilizers and plasticizers Other
Nitro-based diphenylamine dibutyl phthalate Burn rate modifiers
nitrocellulose 2-nitrodiphenylamine diethyl phthalate 2,4-dinitrotoluene
nitroglycerin ethyl centralite triacetin 2,6-dinitrotoluene
nitroguanidine akardite wax ethyl centralite
diethylene glycol dinitrate talc Flash reducers
Other titanium oxide potassium sulfate
ammonium perchlorate potassium nitrate
potassium perchlorate

Larger Rocket Propellants

Composite propellants, typically used in medium and large rocket motors,
contain neither nitrocellulose nor an organic nitrate. They generally con-
sist of a physical mixture of an organic fuel (such as ammonium picrate),
an inorganic oxidizer (commonly perchlorate or aluminum), and an or-
ganic binding agent. These mixtures have adequate mechanical strength to
be manufactured in dimensions larger than NC-based propellants, making
them favorable for use in larger rocket motors.
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Previous Research on Propellant Residues
at Military Ranges

The first documented results for propellant residues in soil were from
samples collected at Explosives Ordnance Disposal (EOD) ranges in
Alaska and Mississippi. During an investigation of the reason for a series
of waterfowl deaths at Eagle River Flats, an artillery impact area at Fort
Richardson, Alaska, Racine et al. (1992) analyzed sediments collected near
an EOD range and reported detecting 2,4-DNT, a component of M1 pro-
pellant used with 105-mm howitzers. These samples and several others
from an EOD range at Camp Shelby, Mississippi, were further analyzed by
GC/MS and found to contain not only 2,4-DNT, but also diphenylamine
and dibutyl phthalate, also ingredients of M1 propellant (Walsh and Jen-
kins 1992). Similarly, Phillips and Bouwkamp (1994) found nitroglycerin,
2,4-DNT, n-nitrosodiphenyl amine, and dibutyl phthalate in soil samples
collected from firing point areas at Aberdeen Proving Ground, Maryland.
N-nitrosodiphenyl amine is a product formed from the reaction of nitro-
gen oxides (released from decomposition of NC during storage of M1 pro-
pellants) and diphenylamine (Folly and Mader 2004).

A series of investigations at impact areas and firing point areas were spon-
sored by US Army Environmental Center (AEC), SERDP (ER-1155), the
National Guard Bureau at Massachusetts Military Reservation (MMR),
the US Army Alaska, and the Canadian Government by the Department

of National Defence Canada.

The AEC program sampled artillery firing point areas at Camp Shelby,
Mississippi; Fort Bliss, New Mexico; Fort Polk, Louisiana; Fort Hood,
Texas; and Fort Carson, Colorado. At Camp Shelby, AEC found 2,4-DNT,
2,6-DNT, and NG at one of two firing point areas that were sampled
(USACHPPM 2001). At Fort Bliss, where two artillery firing points were
sampled, NG was the only propellant-related compound detected, at the
sub mg/kg level. At Fort Carson, surface soils at Firing Point 141, which
has been used for direct live-fire training exercises with heavy artillery
and numerous other ammunition types, had NG at concentrations ranging
from 0.18 to 23.0 mg/kg (USACHPPM 2007). A small amount of 2,4-DNT,
0.16 mg/kg, was found in only one sample.
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A series of studies sponsored by US Army Garrison Alaska investigated
the levels of propellant residues at firing points and impact areas at Fort
Richardson and Fort Greely, Alaska. In the initial study, two types of firing
points were sampled: an area where 40-mm grenades were fired for a spe-
cial test, and a firing point used for firing a number of weapon systems in-
cluding mortars and 105-mm howitzers (Walsh et al. 2001). No energetic
residues were found in soils at the 40-mm test site, but this was likely due
to its active floodplain location in an area with evidence of recent erosion.
Both NG and 2,4-DNT were found in two surface soil samples collected at
the multi-use firing point (NG: 3.3 and 16.5 mg/kg; 2,4-DNT: 0.005 and
0.044 mg/kg).

Subsequent studies concentrated on 105-mm howitzer firing points at the
Donnelly Training Area (DTA, formerly Fort Greely). Extensive sampling
was conducted at both vegetated and unvegetated firing points. Concen-
trations of 2,4-DNT were generally in the low mg/kg range. Experiments
determined that residues were deposited at least 100 m from the muzzle
(Walsh et al. 2004). The research also found that the propellant residues
were deposited as fibers of burned and unburned propellant (Walsh et al.
2004). Iterative sampling at the DTA firing points showed no significant
accumulation of 2,4-DNT over the years, indicating that possible leaching
and degradation reactions are occurring (Walsh et al. 2007). Studies at
Fort Richardson 105-mm firing points also found 2,4-DNT and NG con-
centrations in the low mg/kg (Walsh et al. 2007). A component of these
studies involved evaluating the ability of sampling and sample preparation
techniques to produce representative results. Multi-increment samples
composed of at least 50 increments provided representative samples for
areas as large as 10,800 m2. Accurate estimation of the analyte concentra-
tions in these samples required that either the entire sample had to be ex-
tracted or the sample had to be ground thoroughly before it could be re-
producibly subsampled (Walsh et al. 2007).

The largest number of soil samples collected at any training range has
been at Camp Edwards, Massachusetts Military Reservation, on Cape Cod.
Clausen et al. (2004) summarized the results from this study for gun and
mortar firing points. 2,4-DNT was detected in 4% of the soil samples col-
lected at this range, mostly in the surface to 1-ft-depth samples. Also, 2,6-
DNT, diethyl phthalate, n-nitrosodiphenylamine, and di-n-butyl phthalate
were occasionally found. In addition, 2,4-DNT and NG were found on the
KD rocket range (Ogden 2000).



ERDC TR-08-1 1-9

As a part of SERDP Environmental Restoration Research Project ER-1155,
which had a primary objective of evaluating energetic residues at impact
areas, several firing point areas were also sampled. Antitank rocket firing
points were sampled at Yakima Training Center (Pennington et al. 2002),
Canadian Force Base (CFB) Valcartier (Jenkins et al. 2004), CFB Gage-
town (Thiboutot et al. 2004), and CFB Petawawa (Brochu et al. 2006). In
all cases, NG was found in front, and to a much greater extent, behind the
line where the shoulder-fired anti-tank rockets are fired. Concentrations
as high as 2400 mg/kg have been found in surface soils and NG deposition
has been detected at least 25 m behind the firing line.

Artillery firing points also were sampled at Fort Lewis and Yakima Train-
ing Center, in Washington State. At Fort Lewis, 2,4-DNT was detected in
surface samples in front of a firing position where 105-mm howitzers had
fired more than 600 rounds in the proceeding month (Jenkins et al. 2001).
At Yakima, samples were collected at the multi-purpose range complex at
a fixed firing position where 120-mm tank cannons were fired. Both 2,4-
DNT and NG were detected as far as 75 m in front of the firing position
(Pennington et al. 2002).

Recent interest has turned to propellant compound deposition at small
arms ranges. To our knowledge, prior to the current study the only publi-
cation related to this was by Brochu et al. (2006) and provides initial re-
sults for several small arms ranges at CFB Petawawa. At both pistol and
rifle ranges, 2,4-DNT was found in surface soils with a maximum concen-
tration of 9.6 and 2.3 mg/kg, respectively. Although NG was not detected
in samples collected during 2004 at these ranges, it has been detected in
more recent sampling (Brochu, personal communication, Chapter 8 of this
report).
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Objectives

The two major objectives of this SERDP-sponsored project, ER-1481, titled
“Characterization and Fate of Gun and Rocket Propellant Residues on
Testing and Training Ranges,” are:

1. Develop the environmental data to characterize potential releases
and fate of gun and rocket propellants as they occur on training and
testing ranges.

2. Characterize residues from gun propellants and characterize leach-
ing rates of contaminants bound in these materials.
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Scope of Project

ER-1481 was designed to acquire data for estimating mass and concentra-
tions of propellant residues in the source zone, as well as process descrip-

tors for mass transport from the surface to groundwater or in runoff—the

data needed for use in risk assessments. Another objective was to evaluate
actual ground-truth of propellant transport at specific sites.

The study was executed in several thrust areas. The first involved quantify-
ing the amounts of burned combustion products being emitted during an
individual firing of various gun and rocket types, including both gaseous
emissions and particulate residues. Field experiments were conducted
during live-fire training of various weapons to delineate the footprint of
deposition and mass deposited as a function of distance from the firing
position. Winter trials utilized pristine snow surfaces for collection of sam-
ples to estimate mass. In summer trials, we used witness plates or small
pans to collect residue for mass estimation and microscopic analysis. Ini-
tial studies discussed in the first annual report (Jenkins et al. 2007) in-
cluded mass-estimation tests with 60- and 81-mm mortars, and with a
155-mm howitzer, and witness plate sampling at Canadian exercises with
105-mm howitzers (LG1 Mark Il and C3) and an Mk58 rocket motor. After
a second year of study, we report here on the microscopic analyses of pro-
pellant particles (Chapter 2). Mass-estimation tests were conducted with
several types of small arms both on snow (Chapter 3) and in summer trials
(Chapter 5) . Other live-firing studies were done with various munitions,
including the 84-mm Garl Gustav antitank weapon (Chapter 4), the 105-
mm Leopard tank (Chapter 6), the 105-mm howitzer (Chapter 7), the
Canadian Naval 57-mm cannon (Chapter 10), and an MLRS rocket motor
(Chapter 13). Gaseous air emissions from Canadian howitzers were also
evaluated, both in an enclosed muffler facility and during outdoor trials
(Chapters 7 and 11).

A second thrust involved collecting representative soil samples at several
training ranges to assess the accumulation rate of propellant residues for
the different weapons systems. A portion of this work involved an effort to
refine sampling, subsampling, and analytical protocols that were devel-
oped in ER-1155 for explosives residues, to accommodate the determina-
tion of propellant residues. During the first year, we sampled soils at a
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wide variety of training ranges (Jenkins et al. 2007). Locations sampled
included two antitank rocket ranges, a 155-mm howitzer firing point, two
105-mm howitzer (LG1 Mark Il and C3) firing points, areas where 40-mm
rifle grenades were fired, an 81-mm mortar firing point, and several small
arms firing points.

Sampling experiments during the first year indicated that multi-increment
surface soil samples collected using a systematic-random sampling design
provide reproducible results for energetic propellant residues. It is recom-
mended that samples be constructed with between 30 and 100 increments
and have a mass of at least 300 g, with a goal of achieving a 1-kg mass.
Presence of a fairly small number of individual fibers and propellant pieces
in firing point soils makes it difficult to obtain representative subsamples.
We found that processing and subsampling protocols developed by Walsh
et al. (2004, 2007) provide reliable subsamples from soil samples contain-
ing propellant residues. These protocols require samples to be air-dried,
passed through a 10-mesh (2-mm) sieve to remove oversize material, and
adequately pulverized with a mechanical grinder using five 60-sec grind-
ing cycles.

During our second study year, soil sampling was conducted at numerous
small arms firing points (Chapter 8). We also include a chapter that com-
piles results from multiple years of soil sampling conducted at CFB Peta-
wawa (Chapter 9). The sites investigated included multiple-use firing posi-
tions where primarily (~95%) small arms bullets (5.56 mm, 7.62 mm, 9
mm) were fired. The remainder of use at these sites included 25-mm car-
tridges and a wide variety (nearly 60 different types) of munitions of me-
dium (60 mm, 81 mm) and large caliber (105 mm, 155 mm) as well as gre-
nades, anti-tank rockets, and missiles. Surface soil was also sampled at a
Navy land-based fixed firing position where munitions had been fired
faced offshore until 1992 (Chapter 10).

Another thrust of this study was to define transport process descriptors
suitable for use in environmental transport models or in environmental
and human health risk assessments. This was accomplished by conducting
laboratory column experiments with selected propellant constituents and
solid-phase propellant formulations under different flow regimes and in
different soils. The first year report describes tests with NG, NQ, and DPA
in both a sandy and silty matrix. The second year tests, reported on in
Chapter 12, involved column experiments with full M30 and M9 propel-
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lant grains and characterizing transport of dissolved propellant compo-
nents NG, NQ, and ethyl centralite.

An ultimate goal is to evaluate transport of compounds to groundwater.
CFB Petawawa has an excellent groundwater monitoring infrastructure
and results of groundwater sampling at that site are also described in
Chapter 9.
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— Chapter 2 —

Characteristics of Propellant Residues

SUSAN TAYLOR, MICHAEL R. WALSH, JENNIFER L. FADDEN,
MARIANNE E. WALSH, VICTORIA MOORS, SUSAN R. BIGL,
ALAN D. HEWITT, NANCY M. PERRON, AND DENNIS J. LAMBERT

Introduction

Nitrocellulose-based propellants, impregnated with either 2,4-dinitro-
toluene (2,4-DNT), known as single base, or nitroglycerin NG (double
base), are commonly used to fire military munitions. The fate and trans-
port of the energetic compounds NG and 2,4-DNT are of environmental
interest as they can contaminate groundwater. Little is known about the
form in which the energetic constituents are deposited onto the soil sur-
face and how quickly they dissolve. We examined propellant residues
collected at artillery and small arms firing points and performed short
dissolution studies on them. We also obtained samples of the unfired
propellant grains to help guide our search for the fired residues.

In this chapter we describe the appearance of the unfired and fired propel-
lants. We then show the results of dissolution tests on fired and unfired M1
propellants and of unfired M9 propellants.
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We examined propellant residues collected at the firing points of artillery
and mortar rounds (155- and 105-mm howitzers, and 120-, 81-, and 60-
mm mortars), and from firing a variety of small arms (9-mm pistol, 5.56-
mm rifle, and a 7.62-mm and a .50-caliber machine gun) (Table 2-1).
Table 2-1. Residues collected and examined to date.
% energetics
Weapon Munition Propellant Type Unfired* Unfiredt Firedt
Howitzer 155 mm M1 -1 hole DNT 10+ 2 9.2 BD
Howitzer 155 mm M1 -1 hole DNT 10+ 2 9.0 BD
Howitzer 105 mm M1 -7 hole DNT 102 9.7 9.4 +1.6**
Stryker 120 mm M45 NG 44 + 1.5 9
Mortar 81-mm llI M9 NG 40+ 1.5 39.2 20
Mortar 81-mm HE M10 NC 98 — —
Mortar 60-mm HE M10 NC 98 —
Pistol 9 mm WPR289 NG 1210 18 12.2+0.6 9
Rifle 5.56 mm WC844 NG 9to 11 9.9+0.2 7
Machine gun 7.62 mm WC846 NG 8to 11 10.2+0.3 4
Machine gun .50 cal WC860 NG 8to 11 9.7+0.1 6
* From Technical Manuals
T Analyzed at CRREL
** n = 30 fibers

We collected these residues in one of two ways, either using aluminum
trays set at specified distances in front of the gun muzzles or by collecting
and melting the top layer of snow after wintertime firing exercises. The
residues were examined at CRREL using a Wild 2 stereomicroscope. We
sorted through the residue collected for each type of round and separated
out likely propellant residues from any soil present. Candidate particles
were photographed and then a representative particle of each type was
placed in a 20-mL scintillation vial with 1.0 mL of acetonitrile, allowed to
stand overnight, and then analyzed by high-performance liquid chroma-
tography (HPLC) to determine its composition.

Energetic compounds found in propellants were determined following
SW-846 Method 8330B (EPA 2006). Three mL of water were added to



ERDC TR-08-1 2-3

the 1-mL acetonitrile extracts and filtered through a 0.45-um Millipore
cartridge. HPLC was used to separate NG, 2,4-DNT, and their co-
contaminants using a Water NovaPak C8 column eluted at 1.4 mL/min
(28 °C) with 85:15 water: isopropanol mix and detected by UV at 254 nm
or 210 nm. Commercially available standards (Restek) developed for
energetics were used for calibration. We prepared 1-ppm and 10-ppm
8095A standards. Ideally, the samples should have had concentrations
around 1 ppm, and if their concentrations were >20 ppm, they were
diluted and reanalyzed. The 1-ppm standard was run every ten samples
to recalibrate the instrument. Blanks were run before each standard run
to minimize the possibility of carryover, which would produce a poor
calibration. The 10-ppm standard was interspersed with the samples as
an unknown, and a blank was run after each to minimize carryover.



ERDC TR-08-1

Appearance and Composition of Propellants

Single-Base Propellants

Single-base propellants are widely used to fire artillery and mortar rounds
and generally contain the energetic compounds NC and 2,4-DNT. We
examined propellant residues from both 105-mm and 155-mm howitzers.
The firing point residues for the howitzer rounds were collected at Eagle
River Flats and Fort Greeley, Alaska; Yuma Proving Ground, Arizona; and
Fort Lewis, Washington.

155-mm Howitzer

The 155-mm howitzer rounds sampled were fired using a 5.5-mm by
1.5-mm, single perforated propellant grain (Fig. 2-1a and b). Residues
collected after firing the 155-mm rounds contained many rounded, clear
particles, some metal fragments and beads, pieces of fabric from the
propellant bags, and black particles that are aggregates of metal and soot.
The ubiquitous clear particles (Fig. 2-1c) appeared not to be energetic
components of the propellant, but stabilizers or binders in the M1 grain.
These particles dissolved in acetone, and energy dispersive X-ray analyses
showed they contain potassium and sulfur, probably potassium sulfate,
which is used in the M1 composition 3 formulation (Technical Manual
9-1300-214). In none of the 155-mm residues did we identify particles
that contained 2,4 DNT. Furthermore, for residues collected from snow
samples, the snow extracted and analyzed after the firing of these rounds
contained very low levels of 2,4-DNT (Walsh et al. 2005).

105-mm Howitzer

The 105-mm howitzer rounds were fired using 8-mm-long by 3.5-mm-
diameter, multi-perforated propellant grains (Fig. 2-2a). In contrast to the
residues from the 155-mm propellants, the residues collected after firing
the 105-mm rounds contained low parts per million (ppm) quantities of
2,4 DNT on the soil (Walsh et al. 2007). The 2,4-DNT occurs in mm-long
fibers that have triangular cross sections. Technical Manual 9-1300-214
describes how the multi-perforated grain burns from the hole interiors
outward, leaving 12 slivers of unfired propellant (Fig. 2-2b) that account
for 15% of the mass of each propellant grain. These slivers—we call them
fibers—contained 2,4-DNT, as can be seen by their reaction with tetra
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butyl ammonium hydroxide (Fig. 2-2c), forming the highly colored
Janowsky anion (Jenkins and Walsh 1992), and by analysis of individual
fibers (Table 2-2 and Walsh et al. 2007).

Figure 2-1. Side view (a) and end view (b) of M1 single-perforated propellant. Clear grains
deposited from firing this propellant (c) contain potassium and sulfur, but no 2,4-DNT.
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Figure 2-2. Multi-perforated M1 propellant used to fire the 105-mm howitzer rounds (a)
and the resultant fiber residues (b). Tetra butyl ammonium hydroxide placed
on one of these fibers (c) shows that it contains 2,4-DNT.
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Table 2-2. Dimensions and mass of 10 propellant fibers extracted and analyzed for DNT.

The smaller fibers showed signs of having burned.

Fiber | Maj. axis Min. axis Mass 2,4-DNT 2,6-DNT (2,6-DNT/ DNTs
# (um) (um) (ug) Mass (ug) Mass (pg) 2,4-DNT) | (% of mass)
1 2971 475 147 10.7 0.78 0.07 8%
2 2257 416 80 421 0.24 0.06 6%
3 7259 411 565 334 2.05 0.06 6%
4 6000 400 235 17.2 131 0.08 8%
5 4947 720 443 28.4 1.91 0.07 7%
6 2000 357 117 6.43 0.42 0.07 6%
7 932 418 32 1.86 0.10 0.05 6%
8 814 161 8 0.03 nd na 0.4%
9 1859 658 272 19.1 1.36 0.07 8%
10 1783 203 50 3.47 0.23 0.07 7%

nd: Not detected

na: Not applicable

Double-Base Propellants

Double-base propellants are widely used to fire both mortars and small
arms and contain NC and NG and, sometimes, low concentrations of
2,4-DNT in reprocessed propellants. The mortar round residues were
collected at Eagle River Flats and Fort Greeley, Alaska, and at Yuma
Proving Ground, Arizona.

120-mm Mortar

The M45 propellant used to fire the 120-mm mortars from the Stryker is a
single-perforated, 1.5-mm-diameter by 1.0-mm-long cylindrical grain (Fig.
2-3a). Propellant residues collected in front of Stryker vehicles were clear
to yellowish ring- and crescent-shaped pieces (Fig. 2-3b). The unfired pro-
pellant contained ~ 40% NG (Table 2-1). We dissolved eight rings and four
crescent-shaped residue particles, 4.1 mg total, in 10 mL of acetonitrile
and analyzed them. The mass of NG measured was 0.36 mg or 9% of the
NG in the unfired grains (Table 2-1). If two crescent-shaped particles are
considered equivalent to one ring particle, the analysis indicates that each
ring contains ~36 pug of NG.
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Figure 2-3. Unfired M45 propellant (a) and the propellant residues remaining after firing (b).

81-mm lllumination Mortar

The M9 propellant used to fire 81-mm illumination mortars is a cylinder
1.5 mm in diameter by 0.5 mm long. The propellant grain is yellow in
color, has a metallic sparkle, and contains no hole (Fig. 2-4a). The propel-
lant residues that resulted from burning these grains are grey disks that
have similar or smaller diameters. Some are fragments of disks (Fig. 2-4b).
To quantify the composition, we dissolved and analyzed 117 mg of the
unfired propellant in 250 mL of acetonitrile. The percentage of NG was
39%, within the range 40 + 1.5% listed in Technical Manual 43-0001-28.
We dissolved 7.3 mg of the fired propellant disks in 10 mL of acetonitrile.
The mass of NG measured was 1.47 mg or 20% of the mass of the unfired
grains (Table 2-1).

Figure 2-4. Unfired (a) and fired (b) M9 propellant used for the 81-mm illumination mortars.
Note that some of the residues (grey disks) are almost the same size as the original grain.
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Figure 2-5. Bullets and casings of the small arms ammunition propellants studied,
including those for pistol, rifle, and machine gun (MG).

Small Arms

Figure 2-5 shows the bullets and casings of the four small arms for which
propellants were studied. These residues were collected mainly at Camp
Ethan Allen, Vermont, although some rifle propellant residues were also
obtained from Yuma Proving Ground, Arizona, and Fort Lewis, Washing-
ton.

.50-Caliber Machine Gun

The WC 860 propellant used to fire the .50-caliber machine gun contains
~9.5% NG in a graphite-coated grain (Technical Manual 43-0001-27).
These grains are shiny, black, ~0.4 mm thick and are > 1 mm in diameter
(Fig. 2-6a). We weighed four unfired grains individually on a microbalance
and obtained an average mass of 0.57 + 0.14 mg. The residues are smaller
and white to brown in color (Fig. 2-6b). Twenty-eight of these weighed
4.67 mg, or about 0.17 mg each.



ERDC TR-08-1 2-10

Figure 2-6. Unfired grains (a) and fired residues (b) from a .50-caliber machine gun
photographed at the same scale.

We estimated the amount of NG still present in the residue by extracting
a known mass of the residue in 1 mL of acetonitrile. For the .50-caliber
residues, 3 mg of the residue yielded 0.18 mg of NG, or about 6% of the
residue mass. This value is less than the 8 to 11% NG in the unfired grains
(Table 2-1).

7.62-mm Machine Gun

The WC 846 propellant used to fire the 7.62-mm machine gun contains
~9.5% NG in a graphite-coated grain (Technical Manual 43-0001-27).
These grains are metallic grey in color, 0.3 mm-thick disks that are about
1.0 mm in diameter (Fig. 2-7a). Four unfired grains weighed 0.91 mg or
about 0.23 £ 0.08 mg each. The residues were much smaller than the
original grain, generally less than 1 mm in diameter, and shiny white to
brown in color (Fig. 2-7b). Twenty-two residue grains weighed 0.09 mg or
about 4 pg each.

We extracted 0.7 mg of the residue in 1 mL of acetonitrile. The resulting
mass of NG extracted was 0.028 mg or about 4% of the mass of the residue
(Table 2-1).
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Figure 2-7. Unfired grains (a) and fired residues (b) from a 7.62-mm machine gun.

5.56-mm Rifle

The 5.56-mm rifle propellant examined was the WC 844 formulation

that contains ~11% NG, also in a grain with a graphite coating (Technical
Manual 43-0001-27). The propellant grains show a range of sizes, typically
1 mm in diameter and 0.3 mm in thickness. The unfired grains are shiny
and black (Fig. 2-8a) whereas the fired propellants are white to yellow in
color (Fig. 2-8b). We weighed four unfired grains individually and
obtained an average mass of 0.22 =+ 0.09 mg, similar to the average mass,
0.20 mg, measured for 23 fired grains. Photographs of the weighed
residues show that, in this case, we selected the largest residues to weigh.

Figure 2-8. Unfired grains (a) and fired residues (b) from a 5.56-mm rifle
photographed at the same scale.

We estimated the amount of NG still present in the residue by extracting a
known mass of the residue in 1 mL of acetonitrile. The resulting NG mass
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from 2.4 mg of residue was 0.18 mg, or about 7% of the mass of the
residues.

9-mm Pistol

The WPR289 propellant used in 9-mm pistols contains ~15% NG and

is also graphite coated (Technical Manual 43-0001-27). The propellant
grains vary in size, but are typically 0.8 mm in diameter and 0.2 mm thick.
Unfired grains are shiny and silvery and often have faceted sides (Fig. 2-
9a). The fired propellants are yellow in color and vary both in size and
shape (Fig. 2-9b). Nine of the unfired grains weighed 2.49 mg or about
0.28 mg each. The fired particles weighed 0.10 mg on average. When 1 mg
of the residue was extracted in 1 mL of acetonitrile, the extracted mass was
0.093 mg or about 9% of the residue’s mass.

Figure 2-9. Unfired grains (a) and fired residues (b) from a 9-mm pistol
photographed at the same scale.

Nitrocellulose Propellants

Nitrocellulose propellants are a type of single-base propellant that con-
tains no appreciable amount of other energetic compounds. They often
are used as propellants for mortar rounds. The residues studied here
were collected at Eagle River Flats and Fort Greeley, Alaska, and at Yuma
Proving Ground, Arizona.

81-mm and 60-mm HE Mortars

The M10 propellant was used to fire both the 60-mm and 81-mm HE mor-
tars. The unfired grains are 1-mm-diameter disks that are about 250 pm
thick and are called flakes in propellant manuals (Fig. 2-10a). This propel-
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lant is 98% nitrocellulose with 1% each of diphenylamine and potassium
sulfate. Analyses of both the unfired and fired residues (Fig. 2-10b) con-
firmed that they contained no NG or 2,4 DNT. Because this propellant

contained none of the energetic compounds of interest, we did not study

them further.

Figure 2-10. Unfired grains (a) and fired residues (b) of the M10 propellant. This propellant
contains only nitrocellulose and was used to fire the 81-mm and 60-mm HE rounds.
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Dissolution Tests

The amount of NG and 2,4-DNT released into the environment from pro-
pellants used to fire munitions depends on three factors: (1) how much NG
or 2,4-DNT remains after firing the different types of weapon systems
(deposition); (2) how much NG and 2,4-DNT accumulate in a given area
due to training; and (3) how quickly NG and 2,4-DNT dissolve or leach
from their nitrocellulose matrix when this is wetted by rainfall or snow-
melt.

This SERDP project focused primarily on the first two processes. However,
since little is known about how quickly energetic compounds leach from
the propellant grains or residues, we initiated a laboratory experiment to
look at the release of 2,4-DNT from the seven-hole M1 propellant and its
residue and of NG from the M9 propellant. We used laboratory drip tests
to mimic field conditions on training ranges, where propellant residues are
scattered on the soil surface. We think that 2,4-DNT and NG are released
when the residue is wetted by rainfall or snowmelt.

Before beginning the drip tests, which are still in progress, we weighed
twelve M1 residue fibers on a Mettler Toledo MX5 microbalance and
weighed a single unfired seven-hole M1 grain on a Mettler A230 balance.
The fibers and the grains were placed in two separate, 1-cm-diameter
Buchner funnels fitted with a glass frit (Fig. 2-11). A syringe pump dripped
distilled water (pH = 6) at 0.5 mL/hr onto the propellants. The water
flowed through the frit into a 20-mL scintillation vial. We replaced the
vials daily and measured the water volume in the vials. The concentration
of 2,4 DNT was measured using an HPLC. When we no longer detect 2,4-
DNT, we will again weigh the particles and then extract them to ensure
that we have recovered all of the 2,4-DNT from the fibers and the grain.
This test will help us determine whether the dissolution of the energetics
or the breakdown of the nitrocellulose controls the release rate of these
compounds.
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Figure 2-11. Laboratory setup for drip tests.

We used the same setup to drip water on M9 propellant grains. Five
unfired grains were dripped on for 55 days, at which time NG was no

longer detected in the water. We therefore stopped the experiment and
extracted one of the five propellant grains.
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Results

Figure 2-12 shows the cumulative mass loss of both 2,4-DNT and 2,6-DNT
after 76 days and 107 days for the M1 propellant grain and fibers, respec-
tively. To date, the fibers have lost 0.07 mg of the DNTS, or about 1.7% of
their mass (Table 2-3). The grain has lost 0.15 mg of the DNTSs, or about
0.13% of its mass (Table 2-3). Previous analyses of the concentration of
the DNTs in the unfired grains and in the propellant residues (Walsh et al.
2007 and Table 2-1) showed that each contained about 9 to 10% DNTs by
mass. Consequently, we expect there to be 0.39 mg of DNTs remaining in
the fired fibers and 11.3 mg in the unfired grain.

Figure 2-12. Cumulative mass loss of 2,4-DNT and 2,6-DNT from fired propellant fibers
and from an unfired propellant grain.
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Table 2-3. Results to date on the dissolution of M1 fiber residues, an M1 unfired grain,
and an unfired M9 propellant.

DNT in water
Mass DNTs expected samples
Propellant (mg) # (mg) Length of test (mg)
Fired M1
(fibers) 3.9 12 0.39 107 days 0.07
Unfired M1
(7-hole grain) 113.3 1 11.3 77 days 0.15
NG expected NG in water
(mg) sample
Unfired M9 74 5 2.8 53 days 1.2
1 0.57 53 days + Acn 0.14

Using values in Table 2-3, we can estimate the percentage of DNT the
fibers lost in 107 days to be about 18%. As the rate of loss is decreasing
(Fig. 2-12), the DNTSs in the fiber’s interior may be shielded from dissolu-
tion by the nitrocellulose. The breakdown of, or diffusion from, the nitro-
cellulose matrix appears to control the release rate of the DNTs from these
fibers.

As expected due to surface area versus volume considerations, the unfired
grain has lost more mass, but a smaller percentage of the DNTs present in
the grain, only a little over 1%. The loss rate is linear with time, suggesting
that the water interacting with the outermost layer of the grain dissolves
the maximum amount of DNT possible given the contact time and the
solubilities of the DNTs. When the outermost layer of the grain has been
depleted, we expect to see a decrease in the loss rate with time. When this
occurs, we should be able to calculate the depth of this layer since the pro-
pellant grain has a known shape and surface area.

The results for the drip test on the unfired M9 propellant are shown in
Figure 2-13 and listed in Table 2-3. NG was released at a high rate for the
first 20 days, and then decreased to a much slower rate. A final cumulative
loss in NG mass after 53 days was 1.2 mg. Given that the unfired grains
contain about 40% NG (Tables 2-1 and 2-3), we estimate that collectively
the five grains should contain ~2.8 mg of NG. Because the measured
amount of 1.2 mg is only about 42% of the 2.8 mg expected, we thought
the propellant grains probably still contained NG. To determine whether
this was the case, we extracted one of the five grains in 1 mL of aceto-
nitrile. We obtained 0.14 mg of NG from this grain (Table 2-3), or about
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25% of its “original” NG. The other four grains have similar amounts of
NG; 0.7 mg of NG remained in the grains after the dissolution tests. This
mass, when summed with the 1.2 mg recovered from the water samples,
accounts for about 68% of the NG expected to be present in the grains.
Given the unknown variability in both the initial and final NG concen-
tration in these grains, these estimates seem reasonable.

Figure 2-13. Cumulative mass loss of NG from five unfired M9 propellant grains.

If we assume that the rapid loss of NG is due to contact with water—a
reasonable assumption given the high solubility of NG in water, 1,250 to
1,950 mg/L (Rosenblatt et al. 1991, Windholz 1976)—we can estimate the
depth to which water has penetrated the propellant grain. Each grain is
about 1.5 mm in diameter by 0.5 mm high and has a volume of 0.88 mma3.
If the original grain contained 0.57 mg of NG, and we recovered 0.14 mg
upon extraction, then the grain lost 0.43 mg (75% of its NG) by dissolu-
tion. If the NG was homogeneously distributed within the grain, we calcu-
late that loss of the NG from the outer ~0.15 mm of the grain would cause
the 75% depletion observed.

In summary, our results show that the NG in the M9 propellant dissolves
more quickly than the 2,4- and 2,6-DNT in either the M1 grain or the pro-
pellant residues. Hewitt and Bigl (2005) obtained similar results when
they eluted propellant-contaminated range soils.
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Conclusions

The shape of the original propellant grain and the presence or absence of
holes (made to increase the burn rate) dictates the appearance of the resi-
due. For example, the thin, long, single-perforated M1 propellant used to
fire howitzer rounds appears to burn completely, leaving only inert com-
ponents. On the other hand, the multi-perforated M1 propellant deposits
up to 15% of its mass as mainly unfired slivers of the original propellant.
A multi-perforated scalloped edged M1 propellant has been designed to
minimize depositing 2,4-DNT on the ground, but we have not had the
opportunity to sample its residue.

The M45 used to fire 120-mm mortars has a diameter large enough that,
even with a center hole, the entire grain is sometimes not consumed.
When this occurs, rings or crescent-shaped pieces of the propellant grain
are deposited. The M9 and M10 propellants used to fire the 60- and 81-
mm mortars are smaller in diameter and do not have a central hole. Con-
sequently, they burn from the outside inward, producing residues that are
smaller versions of the original grain, with sizes that vary depending on
how well they burned.

The W-series propellants series used to fire small arms also have grains
with no central holes. However, the residues from these appear to be gen-
erally smaller, relative to their starting diameter, than the M9 and M10
propellants. All of these propellants are coated with graphite to retard the
burn rate.

Our study of M9 and M1 propellants shows that the NG in the M9 propel-
lant dissolves more quickly than does the 2,4- and 2,6-DNT in the unfired
grains or in the propellant residues of the M1 propellant. We also find that
both propellants trap some proportion of the energetic compound in their
nitrocellulose matrix. More tests are needed to determine exactly what
controls the release rate of the energetic compounds. However, the speed
at which the NG is initially released suggests that the wettable outer sur-
faces of the grains lose their NG quickly and that, subsequently, diffusion
of the NG from the inner to the outer areas of the grain controls the release
rate.
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— Chapter 3 —

Propellant Residues Deposition
from Small Arms Munitions

MICHAEL R. WALSH, MARIANNE E. WALSH, SUSAN R. BIGL,
NANCY M. PERRON, DENNIS J. LAMBERT, AND ALAN D. HEWITT

Introduction

Military live-fire training missions utilize a variety of energetic materials.
In the case of small arms, cartridges are issued with various types and con-
figurations of propellants, depending on the type and age of the round.
These energetic materials are never completely consumed during firing
and have the potential to accumulate on military training ranges where
they are used (Pennington et al. 2002, Hewitt et al. 2003, Jenkins et al.
2005). In February 2007, CRREL teamed with the Vermont National
Guard to conduct two series of tests utilizing small arms. The objective of
this field work was to determine mass loadings at firing points for the
5.56-mm automatic rifle and machine gun, the 7.62-mm machine gun, the
9-mm pistol, and the 12.7-mm (0.50-cal.) machine gun, all standard
weapon systems of the U.S. Army and many foreign military inventories.
The results of these live-fire tests will enable us to obtain controlled base-
line data on a per-round basis for commonly used ammunition expended
at firing ranges during training exercises. These data can be used by the
military in general and range managers in particular in planning range use
and maintenance while considering the environmental impact of this type
of activity.
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Background

The examination of firing points as a source of energetic residues is a re-
cent thrust in range sustainability research. Studies funded by U.S. Army
Alaska (Soil and Water Quality Monitoring Fund) at Fort Wainwright’s
Donnelly Training Area (DTA) starting in 2000 (Walsh et al. 2001) indi-
cated that propellant-related energetic compounds were accumulating at
heavily used indirect- and direct-fire firing points. Further research in
2001 and 2002 (Walsh et al. 2004) reinforced the original indications,
with the propellant constituents nitroglycerin (NG) and 2,4-dinitrotoluene
(DNT) recovered at several firing points. The State of Alaska lists DNT as a
hazardous substance.

In 2002, SERDP funded research at Fort Richardson in Alaska to estimate
residue deposition from the live-fire detonation of 105-mm and 81-mm
high-explosive (Composition B) projectiles. Following the firing of the 105-
mm howitzers, residues were collected from the snow-covered area in
front of one of the guns. The results indicated concentrations of propellant
residues much higher than found at the impact areas (Hewitt et al. 2003,
Walsh et al. 2004, 2005b, 2007, Ramsey et al. in prep).

The ease of sample collection on snow and the processing of these samples
led us to consider further work on winter firing point sampling as an ad-
junct to the impact area work we were then conducting for SERDP. The
methodology for collecting samples on snow originally developed by Jen-
kins et al. (2000, 2002) was optimized by Walsh et al. (2005a), making
sampling much more efficient and repeatable. Leveraging funding from
SERDP, the Army Environmental Center (Dr. Bonnie Packer), and U.S.
Army Alaska allowed us to sample active firing points and burn points for
120-mm mortars and the 155-mm howitzer to further this preliminary in-
vestigation (Walsh et al. 2005b, 2005c). Results from these tests demon-
strated that firing points and burn points are areas of concern for range
sustainability and maintenance.

The accumulated information led to the submission of a proposal to
SERDP (ER-1481) to formally investigate military range firing points. In
January 2006, tests were conducted in Alaska utilizing 60-mm and 81-mm
mortars (Walsh et al. 2006). This completed a series of tests on energetics
residues deposition on a per-round basis for various indirect-fire weapon
systems. Residues accumulation data for several types of firing points have
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also been reported by Jenkins et al. (2007). Our attention has now shifted
to small arms ranges, where firing points are more defined, concentrated,
and heavily used. This study examines the deposition rates for common
small arms ammunition.
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Field Tests

Field Site

The tests were conducted at Camp Ethan Allen (CEA), Jericho, Vermont.
Two ranges were utilized. Range 6-2 is a small range sheltered on three
sides by trees and berms, affording some protection from the winds that
frequent the base (Fig. 3-1). The 5.56-, 7.62-, and 9-mm weapon systems
were fired on this range. Range 6-5 is located in a large open area with a
long, cleared downrange area. The 12.7-mm machine gun was fired on this
range. The 6-5 range was a more difficult area in which to conduct tests as
it is exposed to the wind, but it is the only available range at CEA for the
large machine gun.

Figure 3-1. Looking downrange at Range 6.2, Camp Ethan Allen, Vermont.

During these tests, daytime temperatures ranged from —16°C to —7°C.
Winds were variable at 0—4 m/s with partially overcast skies. Firing was
conducted only when winds diminished below 1 m/s. The snow depth at
the firing points ranged from 33 to 60 cm, with depths exceeding 120 cm
downrange at Range 6.5. No precipitation accumulated during testing, al-
though some light drifting occurred, especially during the firing and sam-
pling of the first 12.7-mm firing point.
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Table 3-1. Propellant constituents for munitions used during firing point tests.

Constituent load
Weapon Munition (Mil / DODIC) | Propellant | Constituent | (mg / % of total load)
M16 Automatic Rifle
(5.56-mm) M855 / A059 (Ball) wC844 NG 164 (9.2%)t
M27 / A059 (Linked)

M249 Machine Gun |M855 / A059 (Ball) WC844 NG 189 (12.9%)
(5.56-mm) M856 / AO63 (Tracer) | WC844 NG 161.5 (12.6%)
M60 Machine Gun |M13/ A143 (Linked) NG 267 (10.2%)t
(7.62-mm) M80 / A143 (Ball) WC846 DNT 3.7 (0.14%)t
M9 Pistol (9-mm) M882 / AA49 (Ball) WPR289 NG* 39.5 (12.2%)
M2HB Machine Gun M9 / A557 (Linked)
(12.7-mm / .50 M33 / A552 (Ball) WC860 NG 1478 (9.7%)t
Cal.) M17 / A571 (Tracer) WC857 NG 1570 (11 %)

* Up to 1% DNT specified. None detected when raw propellant analyzed.
T Data from laboratory analyses. All others are range medians.
Refs: See Appendix A

Munitions

Five types of munitions were fired during our tests (Table 3-1). The 5.56-
mm test munitions both utilized the M855 ball cartridge, and the tests run
with the M249 Squad Automatic Weapon (SAW, a machine gun) utilized
the M856 tracer as every fifth round. Both types of cartridges contained
WC844 propellant (U.S. Army 1994). The constituent of interest was nitro-
glycerin (NG). One hundred rounds were fired with the M16 automatic ri-
fle, and 200 rounds were fired with the SAW. The 7.62-mm machine gun
fired 100 M8O0 ball rounds containing WC846 propellant. This propellant
contains NG and up to 1% DNT as an artifact of the reworked propellant.
For the 9-mm pistol tests, 100 M882 ball cartridges with WPR289 propel-
lant were fired. The propellant contains NG and up to 1% DNT, although
no DNT was detected in an analysis of the raw propellant. For the 12.7-mm
machine gun, we fired 95 and 100 rounds of M9 linked ammunition con-
taining four M33 ball rounds for every one M17 tracer round. The respec-
tive cartridge propellants were WC860 and WC857. The propellant con-
stituent of interest for both rounds was NG. Grains of raw propellant for
both charges were analyzed for NG and DNT as a check on the specifica-
tions given for each round, as we could find only constituent ranges for
some of the munitions. Although nitrocellulose (NC) is the major constitu-
ent for all these propellants (67—78% of the total load), we did not analyze
for it as it is not soluble and is not a constituent of concern. Also, there is
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no reliable method for analyzing for NC in environmental samples. Ap-
pendix A contains complete munitions data for these tests.

Tests

Our tests were conducted over the course of two separate deployments, the
first on 9 February and the second on 23 February 2007. We were assisted
during both series of tests by the Vermont National Guard, who scheduled
ranges, provided the weapon systems and ammunition, and manned the
guns for the firings.

Prior to the tests, background snow samples were collected at each range.
Paths to firing points were packed out and meteorological conditions
checked with a Nielsen-Kellerman Kestrel 3000. A single round was ob-
tained prior to firing for the later analysis of the raw propellant to verify
the propellant constituent loads.

The weapons were set up with a minimum of disturbance to the surround-
ing snow. Traffic around the firing points was kept to a minimum and re-
stricted to established paths. The guns were elevated off the snow surface
just high enough to minimize the surface effects of the muzzle blast (Fig. 3-
2). This minimized wind velocity at the muzzle and reduced the dispersion
of the non-ballistic material that comprised the plume. The minimum dis-
tance between firing positions was 10 m. The 9-mm pistol, 5.56-mm
automatic rifle, and 7.62-mm machine gun were fired during the

Figure 3-2. Firing the M16 5.56-mm automatic rifle at Range 6.2, Camp Ethan Allen, Vermont.
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first deployment in that order. Tests were conducted progressively upwind
to avoid cross-contamination of the sampled areas. Two 12.7-mm and a
5.56-mm machine gun tests were conducted during the second deploy-
ment. Tests were conducted on different ranges.

For each test, 100 rounds were fired, the exceptions being 200 rounds for
the 5.56-mm machine gun and 95 for one of the 12.7-mm tests. The
weapon system and any dunnage were returned to the staging area, and
any cartridge cases that were lying on the surface were collected. One indi-
vidual, common to all tests, then walked the outline of the visible plume.
Downrange 2- x 6-m transect locations at 10, 20, 30, and 40 m from the
firing point, depending on the test, were then measured out and the tran-
sects outlined. The areas sampled for each test are given in Table 3-2,
listed in chronological order.

Table 3-2. Areas sampled for small-arms tests.

Firing Position Outside-the-
Test L x W (m) Plume (OTP) Transects

9-mm pistol 45x35 0.8-m Width 10,20,&30m
5.56-mm automatic rifle 76x7 1.0-m Width 10,20,&30m
5.56-mm machine gun 12.3x9.1 1.0-m Width 10,20, & 30m
7.62-mm machine gun 9.2 x 10 1.0-m Width 20,30,&40m
12.7-mm machine gun 19.7 x 19.4 1.5-m Width —

12.7-mm machine gun 20.1 x 15.7 1.5-m Width 20, 30,& 40 m

Sampling Method

Sampling was done on a fresh snow surface following the protocol estab-
lished by Walsh et al. (2005a). Briefly, 25—90 increments (10 x 10 x 2 cm
deep) of surface snow are collected to make up a single sample within an
area (inside the demarcated plume, outside the plume, within transects,
etc.) until the area is representatively sampled (Fig. 3-3). The increments
for a given sample are collected in a single, clean polyethylene bag to make
up a multi-increment (M1) sample. Triplicate M1 sampling allowed us to
test and compensate for uncertainty derived from the small total area col-
lected from within each decision unit, typically less than 1 m2.
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To estimate the mass of energetic residues, we need to know the area over
which the energetic material is deposited and the average concentration
for that area. A critical assumption is that the plume represents the major
area of deposition. The plume is composed of deflagration products, and
its depositional pattern will be affected by wind. However, because there is
no other way to estimate the area of deposition, we assume that most resi-
dues are deposited within the plume. This assumption was tested by taking
multi-increment samples in concentric annuli around the outside of the
plume (OTP). The objectives of OTP sampling are to ensure that the plume
was adequately outlined and to determine how much, if any, of the uncon-
sumed energetics are measurable outside of the plume. Samples were ob-
tained for annuli at varying distances (0—0.8 to 0—1.5 m) surrounding the
plume edge.

Figure 3-3. Sampling the M2HB 12.7-mm machine gun firing point decision units at Range
6.5, Camp Ethan Allen, Vermont.

The layouts of the various areas sampled during these tests are depicted in
Figure 3-4. The maps are derived from data obtained with a Trimble GPS

Pathfinder Pro XR system (£1 m) supplemented with hand measurements
taken with a tape. On 9 February, two firing positions were set up for each
munition tested (#), the upwind position being used for this study. One of
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these firing points was used for a parallel study not reported here. On

23 February, only one firing point was set up for each test related to this
study. Two tests were conducted for the 12.7-mm machine gun, only one
of which measured residues downrange along fixed transects. Increments
were collected with Teflon-lined aluminum scoops to obtain 10- x 10- x
2-cm-deep volumes of snow. The number of increments was loosely based
on the area sampled, with larger areas having a proportionately greater
number of increments. Data for the sampling are given in Appendix B.

FP 6 (7,62 mm) OTP Area

Plume
Access Path

Firing points y

FP 4 (5.56 mm)

ownrange Transects
0 10 20m

J

a. Test sampling layout, Camp Ethan Allen, Range 6.2, 9 February 2007.

Figure 3-4. Areas sampled for small arms propellant residues tests.
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0 10 m
|

b. Test sampling layout, 5.56-mm machine gun, Camp Ethan Allen,
Range 6.2, 23 February 2007.

FP2

7 p

FP1

0 10 20 m
| I

c¢. Test sampling layout, 12.7-mm machine gun, Camp Ethan Allen,
Range 6.5, 23 February 2007.

Figure 3-4 (cont’d.). Areas sampled for small arms propellant residues tests.
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Figure 3-5. Concentric circle sampling of firing position plume and OTP areas.

Sampling for the tests on 9 February was done on foot. After the firing po-
sition plume and the downrange transects were demarcated, multi-
increment samples were taken from within each area. Increments for the
firing position were taken by walking in concentric circles and sampling
every set number of paces, based on the size of the area being sampled
(Fig. 3-5). The goal was to obtain between 50 and 100 increments per area.
OTP areas were demarcated and similarly sampled. The transects were
sampled from the edges towards the center, with an additional sampling
lane down the center. The goal for the transects was 40 increments.

Because of the deeper snow, sampling for the tests on 23 February was
from snowshoes. The demarcation of the firing position plumes, OTP ar-
eas, and downrange transects was conducted in the same way as for the
tests on the 9th, but the sampling design differed. Lanes were marked and
packed for the firing position plume area, and samples were taken from
these lanes, using the same spacing but different starting points for each
replicate (Fig. 3-6). OTPs were sampled from the firing position perimeter
as well as from a path 1 m out. Downrange transect sampling remained the
same.
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Figure 3-6. Sampling from fixed lanes in firing position plume area.

The firing positions were also sampled for each test. These samples were
taken from the gunner’s position and encompassed a 2-m-diameter area.
These areas were highly disturbed from the activities associated with set-
ting up the weapon, firing the weapon, dismantling the position, and
cleaning up the spent links and brass prior to sampling. It was difficult to
obtain a sample from these areas. Replicate sampling was conducted in all
sampled areas except one transect and the firing points.

Sample Processing and Analysis

The multi-increment snow samples were trucked to Hanover for process-
ing and analysis. Upon arrival, the samples were transferred from the field
bags to clean bags, double-bagged, and placed in clean polyethylene tubs
for thawing. Placing the samples in clean bags reduces the chances of
cross-contamination from contact with adjoining bags and residues on the
exterior of the sample bags. Double-bagging and the tubs were necessary
because of the inclusion of debris such as plant stems collected with the
snow samples. Plant stems can pierce the sample bags, allowing the
thawed sample to leak.
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Samples were shifted from warmer to cooler areas to prevent over-
warming (>10°C) of the samples after melting. The order of processing
was based on the weapon system (all samples from a weapon system were
run before starting on the samples for a different weapon system), the area
from which the samples were taken, and the completion of melting the
samples in that group. The melted samples were filtered using a vacuum
system to separate the soot fraction from the aqueous fraction. Filter pa-
pers (Whatman glass microfiber 90-mm @ grade GF/A) containing the
soot are placed in clean amber jars, dried, and stored in a refrigerator at
<5°C. For extraction, each sample was shaken with acetonitrile for 18
hours.

A 500-mL aliquot of the filtrate was pre-concentrated by passing it
through a Waters Porpak RDX (Sep-Pak, 6-cm3, 500-mg) solid-phase ex-
traction cartridge and eluted with 5 mL of acetonitrile, resulting in a 100:1
concentration of the analytes (Walsh and Ranney 1998). The concentrate
was split into two aliquots, 3.5 mL for analysis and 1.5 mL for archiving.

The acetonitrile extracts from the solid-phase extraction of the melted
snow and of the solid residue on the filters were analyzed by either RP-
HPLC-UV or GC-uECD, depending on the analyte concentration. Extract
concentrations greater than 100 pg/L were determined following the gen-
eral procedures of SW 846 Method 8330 (Nitroaromatics and Nitramines
by High-Performance Liquid Chromatography [HPLC]) (U.S. Environ-
mental Protection Agency [USEPA] 1994). Lower concentrations were de-
termined using Method 8095 (Nitroaromatics and Nitramines by GC)
(USEPA 2000), which uses an electron capture detector and provides de-
tection limits near 1 pg/L for RDX and 20 ug/L for NG in solvent extracts.
The advantage of the HPLC method is that the analytical error is very
small, about 2% relative standard deviation (RSD) for replicate injections.
Although the GC-uECD method can detect much lower concentrations, the
analytical error is much greater, approaching 20% RSD.

Prior to HPLC analysis, 1.00 mL of each acetonitrile extract was mixed
with 3.00 mL of reagent-grade water. Determinations were made on a
modular system from Thermo Electron Corporation composed of a Finni-
gan SpectraSYSTEM Model P4000 pump, a Finnigan SpectraSYSTEM
UV2000 dual wavelength UV/VS absorbance detector set at 210 and 254
nm (cell path 1 cm), and a Finnigan SpectraSYSTEM AS300 autosampler.
Samples were introduced with a 100-pL sample loop. Separations were
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achieved on a 15-cm x 3.9-mm (4-um) NovaPak C8 column (Waters
Chromatography Division, Milford, Massachusetts) at 28°C and eluted
with 1.4 mL/min of 15:85 isopropanol/water (v/v). HPLC analyses that
needed confirmation were run on the GC.

For GC analysis, the acetonitrile extracts were transferred to autosampler
vials, which were then placed into an HP 7683 Series autosampler tray
that was continuously refrigerated by circulating 0°C glycol/water through
the trays. A 1-puL aliquot of each extract was directly injected into the HP
6890 purged packed inlet port (250°C) containing a deactivated Restek
Uniliner. Primary separation was conducted on a 6-m x 0.53-mm-I1D
fused-silica column, with a 0.5-um film thickness of 5% (phenyl) methylsi-
loxane (RTX-5 from Restek). The GC oven was temperature-programmed
as follows: 100°C for 2 min, 10°C/min ramp to 250°C. The carrier gas was
hydrogen at 0.85 psi inlet pressure. The HECD detector temperature was
280°C; the makeup gas was nitrogen at 60 mL/min. Extracts were also
analyzed using an RTX-TNT2 confirmation column. Column dimensions
were 6-m x 0.53-mm ID with a 1.5-pm film thickness. The GC oven was
temperature-programmed as follows: 130°C for 1 min, 10°C/min ramp to
160°C, 30°C/min ramp to 270. The carrier gas was hydrogen at 1.6 psi
inlet pressure. The HECD temperature was 310°C, and the makeup gas was
nitrogen at 60 mL/min. All firing point samples were analyzed by HPLC.
Those thought to contain DNT were analyzed by both HPLC and GC.

Calibration standards were prepared from analytical reference materials
obtained from Restek Corporation (Bellefonte, Pennsylvania). The analyti-
cal reference materials were 8095 Calibration Mix A (1 mg/mL) and a sin-
gle-component solution of NG (1 mg/mL). A spike solution at 1,000 pg/L
was prepared from 8330 Calibration Mix 1 and the single-component solu-
tion of NG (1 mg/mL). Spiked water samples at 2 pg/L were prepared by
mixing 1.00 mL of the spike solution with 499 mL of water. Following
SPE, the extract target concentration was 200 pg/L for each analyte.

To calculate the mass of unreacted energetics deposited on the snow, we
combined the estimated masses derived for the soot and aqueous frac-
tions. For the aqueous fraction, we divided the average concentration of
the extract (in pg/L) by 100. We then multiplied this value by the total
volume of filtrate for the sample (in L), giving us the mass dissolved in the
meltwater from the snow (in pg). For the soot fraction, we multiplied the
filter extract (in ug/L) by the volume of AcN used in the extraction process
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(in'L), giving us the mass of residues on the filter (in ug). We then com-
bined these mass values and divided by the area sampled, giving us a
mass-per-unit-area estimate (in pg/m2). Multiplying this value by the
measured area of the decision unit (in m2) gives us the final estimate for
the residue mass for that sample (in pug) (Jenkins et al. 2002, Hewitt et al.
2003).

Quality Control Procedures

Quality control (QC) procedures were conducted both in the field and in
the lab. Field QC, noted previously, included replicate sampling within the
residue plumes and sampling outside the demarcated plumes. In the proc-
essing laboratory, blank samples consisting of filtered water (Millipore
Milli-Q reagent water filtration system) were periodically run through a
filter assembly and SPE setup for later analysis at the lab. This procedure
was designed to determine whether cross-contamination from the sample
filtering apparatus was occurring. Water fractions for several samples were
divided into three aliquots and run through the SPE to determine whether
recovery rates from the SPE procedure were consistent. SPE spikes and
blanks were run to determine cartridge filter retention and recovery dur-
ing the elution process. These processes are described in greater detail in
Walsh et al. (2005c).
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Results

Background Samples

The background samples collected from the FP areas prior to firing con-
tained no detectable constituents of concern (NG and DNT), indicating

clean test areas.

Firing Points

A total of 82 multi-increment samples, composed of 4,091 increments, was
taken. The demarcated plume sizes ranged from under 16 m2 for the 9-mm
pistol to over 300 mz2 for the 12.7-mm machine gun (Table 3-3). The loca-
tion of downrange transects was determined based on wind direction and
the size of the plume. Larger plume size indicated greater downrange dis-
persal of residues, and if the wind was from uprange, transects were ex-
tended out to 40 m. Maps of the test areas derived from the GPS data are
shown in Figure 3-4.

Table 3-3. Sampled areas (m?2).

9-mm 5.56-mm | 5.56-mm | 7.62-mm | 12.7-mm | 12.7-mm
Decision unit Pistol Rifle MG MG MG MG
Inner Plume 16 42 79 94 310 250
Outer Plume (OTP)* 14 27 35 38 100 92
Inner Plume + OTP* 30 69 110 130 410 340
Transect 10 m 9.4 15 21 — — —
Transect 20 m 11 15 20 10 - 10
Transect 30 m 20 10 19 10 — 18
Transect 40 m — — — 10 — 16
Width of OTP (m)* 0.8 1.0 1.0 1.0 1.5 1.5

*QOTP widths varied based on snow depth and ability to reach for samples.

Analytical data averaged for the replicates are given in Table 3-4. The OTP
guantities are included in the calculations but do not contribute a signifi-
cant amount to the totals. Two significant digits are used for the data in
this table and throughout this report (where applicable). The samples were
analyzed for a series of energetic compounds: TNT, TNB, 1,3-DNB, 2,4-
DNT, 2,6-DNT, RDX, HMX, and NG. NG and 2,4-DNT were the only tar-
get analytes detected in the firing point samples. Only the 7.62-mm ma-
chine-gun test had detectable quantities of DNT in the residues. The mass
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guantity was very small, less than 2 ug/round, and is not reported in the
body of the table of analytical results.
Table 3-4. Analytical results and per-round calculations for small arms tests. (Results for NG only.)
Data from samples Per-round calculations
Aqueous mass| Soot mass Total mass | Mass/round Averages |SA/(SA+Plume)
Sample area (vg) (mg) (mg) (mg) (mg) (%)
9-mm Pistol; 100 Rounds of M882 (DODIC AA49) Ammunition Consumed
Plume ND 5.4 5.4 1.7
ND 7.4 7.4 2.1 —
0.12 8.3 8.3 2.6 21
OTP: 0-3 m 0.0030 0.052 0.052 0.013
0.0021 0.030 0.030 0.009 0.011 0.52%
10-m Transect ND 0.0022 0.0022 0.00040
ND 0.0037 0.0037 0.00070
ND 0.001 0.0010 0.00019 0.00043 0.020%
20-m Transect ND ND ND —
ND ND ND —
ND ND ND — —
30-m Transect ND ND ND — —
Firing Point 2 0.012 0.26 0.26 0.068
Firing Point 1 0.0047 0.092 0.092 0.024 0.046 2.2%
Lab / QA Samples
Blank (DI Water) ND
Lab Spike 0.95000 0.00095
5.56-mm Rifle: 200 Rounds of M855 (DODIC A059) Ammunition Consumed
Plume 0.01 3.0 3.0 1.8
0.01 2.8 2.8 1.7
0.01 2.9 2.9 1.8 1.7 —
OTP: 0-3 m 0.0010 0.183 0.184 0.07
0.0011 0.154 0.155 0.06 0.06 3.6%
10-m Transect ND 0.020 0.020 0.0057
ND 0.018 0.018 0.0052
ND 0.018 0.018 0.0052 0.01 0.30%
20-m Transect ND ND ND —
ND ND ND -
ND ND ND — —
30-m Transect ND ND ND —
ND ND ND — —
Firing Point 2 ND 0.0063 0.0063 0.001
Firing Point 1 0.0024 0.67 0.67 0.1 0.1 5.9%
Lab / QA Samples
Blank (DI Water) ND
Lab Spike 0.95 0.00095
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Data from samples Per-round calculations
Aqueous mass| Soot mass Total mass | Mass/round Averages |SA/(SA+Plume)
Sample area (Hg) (mg) (mg) (mg) (mg) (%)

5.56-mm MG: 200 Rounds of M27 Linked

(DODIC A064) M855 / M856 Ammunition Consumed

Plume 7.3 0.92 0.93 0.53
9.0 3.0 3.0 1.73
10 2.8 2.8 1.62 1.3
OTP: 0-3m 0.7 0.080 0.080 0.029
ND 0.077 0.077 0.026 0.03 2.1%
10-m Transect ND 0.0068 0.0068 0.0019
ND 0.0055 0.0055 0.0019
ND 0.016 0.016 0.0058 0.0032 0.2%
20-m Transect ND 0.001 0.0010 0.00030
ND ND ND —
ND ND ND —
30-m Transect ND ND ND —
ND ND ND —
ND 0.001 0.0012 0.0060
Firing Point ND 0.011 0.011 0.056 0.031
Lab / QA Samples
Background 1 & 2 ND ND ND
Blank (DI Water) ND
Lab Spike 0.95 0.00095
7.62-mm MG: 100 Rounds of M13 Linked (DODIC A143) M80 Ammunition Consumed
Plume 0.00 1.0 1.0 1.1
0.00 1.5 1.5 1.8
0.00 1.2 1.2 1.6 1.5
OTP: 0-3m 0.015 0.015 0.010
0.016 0.016 0.010 0.010 0.6%
20-m Transect ND ND ND —
ND ND ND —
ND ND ND —
30-m Transect ND ND ND —
ND ND ND —
ND ND ND —
40-m Transect ND ND ND —
ND ND ND —
Firing Point 2 0.00058 0.060 0.061 0.0076
Firing Point 1 0.013 0.013 0.0025 0.0051
Lab / QA Samples
Background 1 & 2 ND ND ND
Blank (DI Water) ND
Lab Spike 0.95 0.00095
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Data from samples Per-round calculations
Aqueous mass| Soot mass Total mass | Mass/round Averages |SA/(SA+Plume)
Sample area (Hg) (mg) (mg) (mg) (mg) (%)

12.7-mm MG-1: 95 Rou

nds of M9 Linked (DODIC A557) M33/M17 Ammunition Consumed

Plume 11 1.4 1.4 5.5
15 2.0 2.0 7.8
13 2.7 2.7 10 7.8
OTP: 0-3m ND 0.081 0.081 0.10
ND 0.041 0.041 0.056 0.08 1.0%
Firing Point 0.0024 0.0024 0.00042 0.00042
Lab / QA Samples
Background 1 ND ND ND
Background 2 ND ND ND
Blank (DI Water) ND
Lab Spike 0.95 0.00095
12.7-mm MG-2: 100 Rounds of M9 Linked (DODIC A557) M33/M17 Ammunition Consumed
Plume 11 3.4 3.4 11
14 3.2 3.2 10
17 6.4 6.4 20 14
OTP: 0-3m ND 0.021 0.021 0.025
ND 0.044 0.044 0.051 0.04 0.3%
20-m Transect ND 0.017 0.017 0.0050
ND 0.012 0.012 0.0037
ND 0.012 0.012 0.0039 0.0042 0.03%
30-m Transect ND 0.006 0.0056 0.0032
ND 0.003 0.0033 0.0019
ND 0.004 0.0040 0.0023 0.0024 0.02%
40-m Transect ND 0.001 0.0008 0.00035
ND 0.002 0.0015 0.00059
ND 0.001 0.0010 0.00032 0.00042 0.003%
Firing Point ND ND ND —
Lab / QA Samples
Blank (DI Water) 0.000
Lab Spike 0.95 0.00095
Notes

ND denotes non-detect on all analyses. Presence is below detection limits.
Data from samples are for sampled area only and are not extrapolated over the complete area sampled.
Per-round calculations take the full area sampled into consideration.
DNT found only in 7.62-mm plume residues. Values were 1.5, 1.9, and 2.0 pg/round for the plume replicates.

The OTP sample results indicate that the demarcated plumes were ade-
guately sized to encompass the major area of propellant residues deposi-
tion. The NG residues recovered from the OTPs averaged 1.35% (0.3—
3.6%) of the combined residues of the plume plus the OTP. To test this
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conclusion, we lumped the OTPs with the plumes. The adjusted total resi-
due (to two significant digits) is affected slightly by two OTP samples, the
5.56-mm rifle (1.7 vs. 1.8 mg/round) and one of the 12.7-mm machine
guns (7.9 vs. 8.0 mg/round). These are the values reported in the sum-
mary. The downrange transects contained only small quantities of NG, less
than 0.5% of that found in the plumes. Most of these residues were found
in the transect closest to the plume. Of these, the average quantity com-
pared to the plume was 0.14%. Downrange deposition extent will be dis-
cussed further in the next section.

The relative standard deviations (RSD) for the triplicate plume samples
averaged 33% (3—49%), the RSD for the triplicate transect samples aver-
aged 34% (6—59%), and the relative percent differences (RPD) for the du-

plicate OTP samples averaged 37% (4—68%).

In summary (Table 3-5), NG residues per round varied from an average of
1.3 mg per round (5.56-mm MG) to 11 mg per round (12.7-mm MG). On a
percentage basis, the 9-mm pistol produced the highest percent residues
(5.44% of the original NG load) and the 7.62-mm MG the lowest (0.56%).
Consequently, consumption efficiencies for NG range from 94.56% to
99.44%, averaging 98.3%.

Table 3-5. Summary of small arms firing point propellant residues test results.

Munition Post-firing | Post-firing | Constituent
designation Reported residue per | residue per | consumption
Weapon system (Mil / DODIC) | constituent | round (mg) | round (%) | efficiency (%)
M9 / 9-mm Pistol - 125-mm |M882 / AA49 NG 21 5.44 94.56
barrel length
M16 / 5.56-mm Automatic |M855 / AO59 NG 1.8 1.10 98.90
Rifle - 508-mm barrel length
M249 / 5.56-mm Squad M855 / A059 NG 1.3 0.79 99.31
Automatic Weapon (Machine M856 / AOB3 NG 13 0.79 99.31
Gun) - 465-mm barrel length / ' ' '
M60 / 7.62-mm Machine M80 / A143 NG 1.5 0.56 99.44
Gun - 560-mm barrel 2,4-DNT 0.0018 0.048 99.95
M2 HB / 0.50 cal. Heavy Ma- |M33 / A552 NG 11 0.73 99.27
chine Gun - 1140-mm barrel M17 / AB71 NG 11 0.73 99.07

length (Average of both tests)

In our ongoing effort to examine the possible sources of error in our field
sampling method, we conducted some tests to determine how consistent
samplers were in obtaining their respective samples. At the end of sam-

pling, we computed the statistics for the amount of liquid water from the
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snow each sampler obtained per sample increment. The results are pre-
sented in Table 3-6. The results for 1a, 2a, and 3 are for 9 February, while
those for 1b, 2b, and 4 are for 23 February. The liquid water content dif-
fered substantially between the two tests as a result of the snow morphol-
ogy. The snow on the 6.5 range is denser because of exposure to the wind
and sun. The means and medians are quite close, with RSDs averaging
around 12%.

Table 3-6. Sampler variation test results.

(mL water / sample incre-

Number of ment) Relative std.

Sampler | samples Mean Median | Range | deviation (%)
la 11 15 15 5.0 11
2a 20 21 22 5.3 9
3 14 14 13 5.1 11
1b 11 33 35 13 14
2b 15 40 40 16 9
4 14 38 36 19 17

What is indicated in our limited study is that different samplers may ob-
tain different quantities of the sampled material (in our case, snow) from a
plume, but the difference may not be significant. We are not sure whether
the differences between samples (range) are a function of depth of sam-
pling (surface area sampled remains constant) or area (dragging the scoop
through the snow, thus sampling more of the surface). Samplers 1, 2, and 3
(in that order) are experienced samplers, while sampler 4 was a novice.
Experience pays off with consistency, but even the novice did well.
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Discussion

Testing out of doors always presents challenges. In our case, wind was the
confounding factor. At the time of the tests, mild winds (<4 m/s) were
blowing either across the line of fire or quartering from behind. We at-
tempted to check fire when the wind kicked up but were not always suc-
cessful. For this reason, we designated larger residue plumes than we
normally would have. Transect and OTP results indicate that the plume
designations are reasonable, with small amounts of residues found in both
areas. Still, we feel that replication would have been better had there been
no wind moving the surface snow around. Although we consider an RSD of
less than 50% acceptable (ours averaged below 40%), we would have pre-
ferred that all the replicate groups had had an RSD below 50%. That said,
we feel that our results are a good estimate of propellant residues deposi-
tion rates for small-arms munitions.

The area of deposition associated for each weapon system can be esti-
mated from the data obtained for these tests. In Table 3-3, the total area
for each sampled area is given, and in Figure 3-4, scaled maps of the firing
point sampling configurations are illustrated. Data from Table 3-5 can be
used to determine the extent of the residues deposition, from the plume,
through the OTP area, and out across the transects. The data for our tests
are summarized in Table 3-7. When sampling to obtain a residue accumu-
lation estimation, these are likely minimum distances from the firing posi-
tions that need to be sampled, and they will need to be adjusted according
to the prevailing wind direction. The sampling width will be half the dis-
tance to the adjoining lane on either side, as most small-arms firing ranges
are set up with closely spaced lanes.

Table 3-7. Downrange estimates of small-arms propellant residues deposition.

Major (>99%) Detectable
Propellant deposition: deposition:
Weapon system | constituent |downrange (m) | downrange (m)
5.56-mm Rifle NG 8.6 10
5.56-mm MG NG 13 20
NG 9.2 10
7.62-mm MG
DNT 9.2 9.2
9-mm Pistol NG 4.5 10
12.7-mm MG NG 20 40
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So how do propellant residues from firing small arms stack up to the big
guns? Table 3-8 summarizes the work cited previously that we have done
with mortars and howitzers and compares it to the more recent small-
arms results. The results are generalized to the propellant constituents of
concern, mainly NG and DNT. Although the mass of residues per round is
generally higher for the larger caliber munitions, their consumption effi-
ciencies are much higher. Interestingly, the firing efficiencies of the mortar
rounds we tested are generally less than those for the small arms. In this
case, size is not the dominant factor. Deflagration pressure and time-in-
barrel, related to barrel length, may be more important factors for burn
efficiency.

Table 3-8. Comparison of various firing point residues loads.

Load/ | Residues/ Residues/

Weapon system | Propellant | Constituents | rnd (g) | round (mg) load (%)

Howitzers
105-mm M-l & Il DNT 42 34 8 x 102
155-mm M1 DNT 275 1.2 5x 104

Mortars
81-mm M9 NG 30 1,000 3.5
120-mm M45 NG 26 350 1.4

Small Arms
5.56-mm Rifle WC844 NG 0.164 |1.8 1.10
5.56-mm MG* WC844 NG 0.163 (1.3 0.79
7.62-mm MG WC846 NG 0.271 |15 0.56
9-mm Pistol WPR289 NG 0.040 |21 5.44
12.7-mm MG* WC860 & NG 1.496 |11. 0.73
WC857

* Averages loads and residues from ball and tracer rounds in linked ammunition.

What do these results mean for the range manager? Small-arms ammuni-
tion, with the exception of that for the 9-mm pistol, tends to be efficient in
its consumption of the propellant constituents of concern. However, two
factors will offset this advantage: Small arms ranges tend to be very struc-
tured, and a large number of rounds are fired from these fixed locations.
This means that there is a legitimate concern over the accumulation of
constituents such as nitroglycerin at firing points.

The variability of propellant loads for a given munition family can be quite
large. Army Technical Manual TM 43-0001-27 (1994) lists 17 types of 12.7-
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mm cartridges, not counting blanks and plastic rounds. There is no “stan-
dard” propellant or load across all cartridges. Many cartridges have alter-
native propellant types and loads, making it very difficult to actually know
what you have in your hand. It was only through a laborious learning
process and verification through laboratory analyses that we were able to
determine exactly what was fired. Even the lot specification sheets do not
match the analysis data. It is imperative, therefore, to obtain as much in-
formation on the munitions being tested as possible, including DODIC,
NSN, and lot numbers, and verify the information obtained using these
numbers and the available databases with analysis of the raw propellant
from each type of round tested, including both ball and tracer rounds
where applicable.
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Conclusions

A series of firing point tests was conducted on energetics associated with
firing of military small arms. Firing points at two snow-covered ranges at
Camp Ethan Allen were utilized on two dates in February 2007. Samples
were taken from several areas associated with each test and analyzed for
unburned explosives residues. Results indicate that the residue masses are
small but significant, ranging from 1.3 mg/round (NG) to 11 mg/round
(NG). Propellant consumption efficiency, illustrated by the percent of un-
burned energetics compared to the original constituent load, ranges from
0.56% to 5.4%. Smaller-caliber weapon systems tend to be less efficient
than larger systems, and machine guns are slightly more efficient than
non-fully-automatic weapons. Although residues per round are low, con-
centrated firing of a great quantity of rounds, typical on small-arms train-
ing ranges, will result in the deposition of a significant mass of propellant
residues in a small (16—300 m?2) area. This study reinforces once again the
importance of maintaining firing points to avoid their becoming a source
of energetic residues on ranges.

These results are estimates of unreacted residues from activities associated
with the live-fire of small-arms munitions. They are indicators of possible
residue masses that will result from such activities. Some values, especially
for the transects, are at or near detection limits for the analytical instru-
mentation and are difficult to interpret. It is important to keep in mind
that there is much variability between range activities and some variability
between rounds and that these results should be considered a general es-
timate.
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Appendix 3-A: Munitions Data

Table 3-Al contains information relevant to the munitions used during the
tests covered in this report. Table 3-A2 contains data on the energetic load

of the test components. Propellant loads for the analytes of concern are
given in Table 3-1.

Table 3-A1. Munitions data.

Drawn
NSN DODIC Nomenclature Lot No. for tests
1305-01-470-2090 AA49 |Cartridge, 9-mm, Ball, NATO, M882 WCCO06A037-093 100
1305-01-155-5462 AO59 |Cartridge, 5.56-mm, Ball, M855 — 100
1305-01-156-7584* | A064 |CTG, 5.56-mm, 4 Ball M855 / 1 TR M856, LNKD | LC-O5E693L254 200
M27

1305-00-892-2330 A143 |Cartridge, 7.62-mm NATO Ball, M80 Linked SPDO05L001-002 100
1305-01-370-2594* | A557 |CTG, Cal .50, 4 Ball M33 / 1 TR M17, LNKD M9 LC-05G614-137 200

Notes: Drawn from inventory, Camp Ethan Allen, and from USFPO-VT ASP, Camp Johnson, Colchester, VT
*Data from DA Form 581: Request for Issue and Turn-in of Ammunition (Doc. # W81EWF 70510500)

Table 3-A2. Primary propellant constituents for fired rounds.

Mass / Round (g)

Munition Propellant NC NG DNT DB DP Total**
Cartridge, 9-mm . *
Ball, M882 WPR289 0.253 | 0.040*| 0.00 — 0.003 0.32
Cartridge, 5.56-
mm Ball, M855 WC844 1.13 0.189* — 0.101 | 0.025 1.69
Cartridge, 5.56-
mm Tracer, wC8s44 1.11 0.162 — 0.076 | 0.021 1.60
M856
Cartridge, 7:62- | \yogag | 214 | 0.267*| 0.004* | 0437 | 0030 | 2.66
mm Ball, M80
Cartridge, CAL
50 Ball, M33 WC860 12.0 1.48* — 1.22 0.172 15.2
Cartridge, CAL
50 Tracer, M17 WC857 11.7 1.57 — 0.856 | 0.178 14.6

Sources: MIDAS Database, JEDMICS Database, WARP Database (Restricted access Web
sites); US Army (1998).
*Values for ammunition test-fired confirmed by GCMS at CRREL.
** Total propellant mass per round includes constituents not shown in table.
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Appendix 3-B: Sampling Data

Table 3-B1 contains sampling data for the tests conducted at Camp Ethan
Allen on 9 February. Table 3-B2 contains sampling data for the 23 Febru-
ary Camp Ethan Allen tests.

Table 3-B1. 9 February sampling data.

Decision unit | Rep # | # Increments | Sampler | Volume (Melt-mL) | mL/ Incr | Area sampled (m2)
9-mm Pistol

Plume 1 50 MRW 940 18.8 0.50
2 56 MRW 1060 18.9 0.56
3 52 MRW 1060 20.4 0.52
OTP: 0-0.8 m 1 59 MEW 710 12.0 0.59
2 53 MEW 740 14.0 0.53
10-m Transect 1 52 ST 720 13.8 0.52
2 50 ST 660 13.2 0.50
3 50 ST 660 13.2 0.50
20-m Transect 1 37 MRW 880 23.8 0.37
2 40 MRW 760 19.0 0.40
3 40 MRW 800 20.0 0.40
30-m Transect 1 44 MEW 700 15.9 0.44
FP-Mass 1 20 MRW 460 23.0 0.20
FP-Trays 1 20 MRW 440 22.0 0.20

Mean: 17.7

Median: 18.9

Range: 11.7

5.56-mm Automatic Rifle

Plume 1 72 MRW 1480 20.6 0.72
2 70 MRW 1400 20.0 0.70
3 70 MRW 1330 19.0 0.70
OTP: 0-1 m 1 72 MEW 1010 14.0 0.72
2 71 DJL 1380 19.4 0.71
10-m Transect 1 50 ST 660 13.2 0.50
2 50 ST 700 14.0 0.50
3 50 ST 800 16.0 0.50
20-m Transect 1 42 MEW 640 15.2 0.42
2 40 MEW 600 15.0 0.40
3 40 MEW 580 14.5 0.40
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Decision unit Rep # # Increments | Sampler | Volume (Melt-mL) | mL/ Incr | Area sampled (m2)
30-m Transect 1 46 ST 770 16.7 0.46
2 50 ST 810 16.2 0.50
FP-Mass 1 27 MRW 600 22.2 0.27
FP-Trays 1 30 MRW 560 18.7 0.30
Mean: 16.7
Median: 16.1
Range: 9.0 0.00
7.62-mm Machine Gun
Plume 1 84 MRW 1980 23.6 0.84
2 80 MRW 1820 22.8 0.80
3 72 MRW 1580 21.9 0.72
OTP: 0-1 m 1 60 MEW 980 16.3 0.60
2 66 MEW 1120 17.0 0.66
20-m Transect 1 25 MRW 600 24.0 0.25
2 28 MRW 620 221 0.28
3 30 MEW 500 16.7 0.30
30-m Transect 1 50 ST 660 13.2 0.50
2 50 ST 600 12.0 0.50
3 50 ST 580 11.6 0.50
40-m Transect 1 50 ST 660 13.2 0.50
2 50 ST 620 12.4 0.50
FP-Mass* 1 40 MRW 900 225 0.40
FP-Trays 1 25 MRW 560 224 0.25
Background-1 1 50 MEW 600 12.0 0.50
Background-2 1 50 ST 720 14.4 0.50
Mean: 18.1
Median: 17.0
Range: 12.4
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Table 3-B2. 23 February sampling data.
Decision unit Rep # # Increments | Sampler | Volume (Melt-mL) | mL / Incr | Area sampled (m2)
12.7-mm (.50 cal) Machine gun 1
Plume 1 84 MRW 4120 49.0 0.84
2 84 MRW 3520 41.9 0.84
3 84 MRW 3060 36.4 0.84
OTP:0-15m |1 84 TH 2440 29.0 0.84
2 79 MEW 2140 271 0.79
Susan .50cal 1 37 MRW 1400 37.8 0.37
FP Mass 1 30 TH 920 30.7 0.30
Mean:|36.0
Median:|36.4
Range:|22.0
5.56-mm Machine gun
Plume 1 68 MRW 2920 42.9 0.68
2 68 MRW 2720 40.0 0.68
3 68 MRW 2680 394 0.68
OTP: 0-1 m 1 49 MEW 1320 26.9 0.49
2 52 TH 1720 331 0.52
10-m Transect |1 38 TH 1340 35.3 0.38
2 30 MEW 1020 34.0 0.30
3 28 MRW 920 32.9 0.28
20-m Transect |1 32 MEW 1140 35.6 0.32
2 38 MEW 1400 36.8 0.38
3 37 MEW 1360 36.8 0.37
30-m Transect |1 37 TH 1240 33.5 0.37
2 36 TH 1540 42.8 0.36
3 35 TH 1540 44.0 0.35
FP Mass 1 25 MRW 1040 41.6 0.25
Susan 5.56mm |1 50 MRW 1440 28.8 0.50
Mean:|36.5
Median:|36.2
Range:|17.1
Background 1 |1(.50 cal) |27 MEW 660 24.4 0.27
Background 2 |1(.50cal) |41 TH 1160 28.3 0.41
12.7-mm (.50 cal) Machine gun 2
Plume 79 MRW 3580 45.3 0.79
78 MRW 3080 39.5 0.78
3 78 MRW 3280 42.1 0.78
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Decision unit Rep # # Increments | Sampler | Volume (Melt-mL) [ mL/Incr | Area sampled (m?2)

OTP: 0-1.5m 1 77 MEW 2520 32.7 0.77
2 80 TH 2760 345 0.80
FP Mass 1 32 MRW 1240 38.8 0.32
20-m Transect |1 30 TH 1330 44.3 0.30
2 28 TH 1320 471 0.28
3 27 TH 1200 44.4 0.27
30-m Transect |1 32 MRW 1340 41.9 0.32
2 32 MRW 1220 381 0.32
3 32 MRW 1220 381 0.32
40-m Transect |1 37 MEW 1280 34.6 0.37
2 41 MEW 1520 371 0.41
3 51 TH 2220 43.5 0.51

Mean:|40.1

Median:|39.5

Range:|14.4
Background 1 |{1(5.56mm) |20 TH 740 37.0 0.20
Background 2 |1(5.56mm) |20 MEW 700 35.0 0.20
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Appendix 3-C: Firing Point Test
Analytical Results

Tables 3-C1 through 3-C3 contain the analytical results for the firing point
tests. The results in Tables 3-C1 and 3-C3 are for NG, the major constitu-
ent of concern recovered from the samples. DNT in small quantities was
recovered from only one test and is reported in Table 3-C2.

Table 3-C1. Analytical results (NG) for small-arms tests conducted on 9 February 2007.

Snow Soot
Volume | Melt conc. Extract conc.
Sample # Decision unit (mL) (mg/L) Mass (ug) (mg/L) Mass (mg)
9-mm Pistol
CEAO7-1 Plume 940 0.19 182 540 5.4
CEAOQ7-2 1060 0.14 153 740 7.4
CEAO7-3 1060 0.11 120 830 8.3
CEAO7-4 oTP 710 0.0042 3.0 520 0.052
CEAO7-5 740 0.0029 21 300 0.030
CEAO7-6 10-m Transect | 720 <0.0005 - 22 0.0022
CEAQ7-7 660 <0.0005 - 37 0.0037
CEAO7-8 660 <0.0005 - 10 0.0010
CEAQ7-9 20-m Transect | 880 <0.0005 — <0.05 —
CEAO07-10 760 <0.0005 - <0.05 -
CEAO7-11 800 <0.0005 - <0.05 -
CEAO7-12 700 <0.0005 - <0.05 -
CEAOQ7-17 FP-Mass 460 0.026 12 260 0.26
CEAO7-18 FP-Trays 440 0.011 4.7 920 0.092
CEAO7-18-1 |Blank-1 1000 <0.0005 <0.05
CEAO7-18-2 [LCS-1 500 0.0019 1.0
5.56-mm Automatic rifle
CEAO7-19 Plume 1480 0.0046 6.8 300 3.0
CEAO7-20 1400 0.0050 7.0 280 2.8
CEAO7-21 1330 0.0056 7.4 290 2.9
CEAQ7-22 OoTP 1010 0.0010 1.0 180 0.18
CEAO7-23 1380 0.0008 11 150 0.15
CEAQ7-24 10-m Transect | 660 <0.0005 - 200 0.020
CEAO7-25 700 <0.0005 - 180 0.018
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Snow Soot
Volume | Melt conc. Extract conc.

Sample # Decision unit (mL) (mg/L) Mass (ug) (mg/L) Mass (mg)
CEAQ7-26 800 <0.0005 - 180 0.018
CEAO7-27 20-m Transect | 640 <0.0005 — <0.05 —
CEAQ7-28 600 <0.0005 — <0.05 -
CEAQ7-29 580 <0.0005 — <0.05 -
CEA07-30 30-m Transect | 770 <0.0005 - <0.05 -
CEA07-31 810 <0.0005 - <0.05 -
CEA0Q7-35 FP-Mass 600 <0.0005 - 63 0.0063
CEA07-36 FP-Trays 560 0.0043 2.4 670 0.67
CEAO07-36-1 |Blank-2 1000 <0.0005 <0.05
CEAQ7-36-2 |LCS-2 500 0.0019 1.0

7.62-mm Machine gun
CEAQ7-37 Plume 1980 0.0014 2.8 1000 1.0
CEAO7-38 1820 0.0017 31 1500 15
CEAO7-39 1580 0.0019 3.0 1200 1.2
CEAQ7-40 OTP: 0-3m 980 <0.0005 150 0.015
CEAOQ7-41 1120 <0.0005 164 0.016
CEAO07-45 20-m Transect | 600 <0.0005 <0.05
CEAQ7-46 620 <0.0005 <0.05
CEAQ7-47 500 <0.0005 <0.05
CEAQ7-48 30-m Transect | 660 <0.0005 <0.05
CEAQ7-49 600 <0.0005 <0.05
CEAQ7-50 580 <0.0005 <0.05
CEAO7-51 40-m Transect | 660 <0.0005 <0.05
CEAQ7-52 620 <0.0005 <0.05
CEAQ7-53 FP-Mass 900 0.0006 0.6 600 0.060
CEAQ7-54 FP-Trays 560 <0.0005 126 0.013
CEAQ7-55 Background-1 | 600 <0.0005 <0.05
CEAQ7-56 Background-2 | 720 <0.0005 <0.05
CEAQ07-56-1 |Blank-3 1000 <0.0005 <0.05
CEAQ7-56-2 |LCS-3 500 0.0019 1.0
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Table 3-C2. Analytical results (DNT) for small-arms test conducted on 9 February 2007.

Show Soot
Volume | Melt conc. Extract conc.
Sample # Decision unit (mL) (mg/L) Mass (ug) (mg/L) Mass (mg)
7.62-mm Machine gun
CEAQ7-37 Plume 1980 | <0.0005 - 13 0.0013
CEAO7-38 1820 | <0.0005 - 16 0.0016
CEAO7-39 1580 | <0.0005 - 15 0.0015
CEAQ7-40 OTP: 0-3m 980 | <0.0005 — <0.02 —
CEAQ7-41 1120 | <0.0005 - <0.02 —
CEAQ7-45 20-m Transect 600 | <0.0005 — <0.02 —
CEAO7-46 620 | <0.0005 - <0.02 -
CEAQ7-47 500 | <0.0005 - <0.02 -

Table 3-C3. Analytical results (NG) for small-arms tests conducted on 23 February 2007.

Snow Soot
Volume | Melt conc. Extract conc.
Sample # Decision unit (mL) (mg/L) Mass (ug) (mg/L) Mass (mg)
12.7-mm Machine gun - 1
CEA0Q7-101 Plume 4120 0.27 11 14.2 14
CEAQ7-102 3520 0.44 15 20.1 2.0
CEAQ7-103 3060 0.41 13 271 2.7
CEAQ7-104 |OTP 2440 <0.05 — 8.09 0.081
CEAQ7-105 2140 <0.05 — 4.1 0.041
CEAQO7-118 FP Mass 920 <0.05 0.24 0.0024
CEAQ7-118-1 |Blank 1 1000 <0.05 <0.05
CEAO7-118-2 |LCS 1 500 0.19 0.95
5.56-mm Machine gun

CEA0Q7-119 Plume 2920 0.25 7.3 9.19 0.92
CEAQ7-120 2720 0.33 9.0 29.9 3.0
CEAOQ7-121 2680 0.36 10 28.0 2.8
CEAQ7-122 |OTP 1320 0.05 0.7 7.98 0.080
CEAQ7-123 1720 <0.05 — 7.68 0.077
CEAQ7-124 10-m Transect | 1340 <0.05 — 0.68 0.0068
CEAQ7-125 1020 <0.05 — 0.55 0.0055
CEAQ7-126 920 <0.05 — 1.56 0.016
CEAQ7-127 20-m Transect | 1140 <0.05 — 0.10 0.001
CEAQ7-128 1400 <0.05 — <0.05 —
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Snow Soot
Volume | Melt conc. Extract conc.

Sample # Decision unit (mL) (mg/L) Mass (ug) (mg/L) Mass (mg)
CEAQ7-129 1360 <0.05 - <0.05 -
CEAO7-130 30-m Transect | 1240 <0.05 — <0.05 —
CEAO7-131 1540 <0.05 - <0.05 -
CEAQ7-132 1540 <0.05 — 0.12 0.001
CEAO7-135 FP Mass 1040 <0.05 — 1.11 0.011
CEAQ7-136-1 |Blank 2 1000 <0.05 <0.05
CEAQ7-136-2 [LCS 2 0.20
CEAO7-137 Background 1 660 <0.05 — <0.05 —
CEAO7-138 Background 2 1160 <0.05 — <0.05 —

12.7-mm Machine gun - 2

CEAO7-139  [Plume 3580 0.32 11 341 34
CEAOQ7-140 3080 0.44 14 321 3.2
CEAOQ7-141 3280 0.53 17 31.8 6.4
CEAQ7-142 |OTP 2520 <0.05 — 211 0.021
CEAQ7-143 2760 <0.05 — 4.41 0.044
CEAQ7-144 FP Mass 1240 <0.05 — <0.05 -
CEAO7-145  |20-m Transect | 1330 <0.05 - 1.66 0.017
CEAO7-146 1320 <0.05 — 1.15 0.012
CEAQ7-147 1200 <0.05 — 1.15 0.012
CEAO7-148 30-m Transect | 1340 <0.05 — 0.56 0.006
CEAQ7-149 1220 <0.05 - 0.33 0.003
CEAQ7-150 1220 <0.05 - 0.40 0.004
CEAQ7-151  |40-m Transect | 1280 <0.05 - 0.08 0.001
CEAQ7-152 1520 <0.05 - 0.15 0.002
CEAQ7-153 2220 <0.05 - 0.10 0.001
CEAQ7-154 Background 1 740 <0.05 — <0.05 —
CEAO7-155 Background 2 700 <0.05 — <0.05 —
CEAQ7-155-1 |Blank 3 1000 <0.05 <0.05

CEAQ7-155-2 |LCS 3 0.18

All samples taken with 10- x 10- x 2-cm scoops
Soot: Filters extracted with 10 mL of AcN with the exception of CEA07-141, which had 20 mL
* 20 mL of acetonitrile used
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— Chapter 4 —

Energetic Residues Deposition from
84-mm Carl Gustav Antitank Live Firing

SONIA THIBOUTOT, GUY AMPLEMAN, ANDRE MAROIS, ANNIE GAGNON,
DENIS GILBERT, VINCENT TANGUAY, AND ISABELLE POULIN

Abstract

The potential environmental contamination as a result of live-fire military
training has to be assessed in order to train our troops in a sustainable
manner. Recently, propellant residues were detected around artillery, anti-
tank, and small arms firing positions during field characterization. How-
ever, the source term per round is an important parameter and has not
been defined yet for shoulder-fired antitank weapons. In February 2007,
DRDC Valcartier teamed with the Canadian Infantry School to sample the
residues generated by the firing of thirty-nine 84-mm Carl Gustav rockets.
Samples were collected using 16 rows of particle traps up to 50 m in front
of and behind the weapons. This allowed the calculation of an estimate of
the percentage of un-reacted nitroglycerin (NG) that is expelled on the
surface soil in the area where our traps were installed. As much as 780 g
(14% w/w) of NG was expelled on the soil surface, with 98% of the resi-
dues being deposited rearwards of the firing positions, mostly within the
first 15 m. There is a high uncertainty in the calculated estimate, but this
trial clearly demonstrated that firing the 84-mm Carl Gustav weapon is
not efficient and will lead to the rapid buildup of propellant residues in the
surface soils. Our results are in agreement with the high levels of NG that
were detected at many antitank ranges and demonstrate that these weap-
ons have the highest environmental impact measured up to now. Other
similar trials should be conducted to confirm these results, and research is
needed to develop better propelling charges that will reduce this adverse
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Executive Summary

This study is part of a larger effort undertaken in the context of sustaining
operational military activities. The Canadian Forces need to be informed
about the potential environmental and human health impacts of activities
such as live firing, detonation of unexploded ordnance, and detonation of
surplus ammunition. This is critical to ensure that training can be con-
ducted on a sustainable basis, with minimal adverse environmental and
health impact. In the past, much effort was invested in the characteriza-
tion of energetic materials contamination at live-fire range impact areas.
However, fewer efforts were dedicated to the characterization of the muni-
tions firing positions. At these locations, the propellant included in the
cartridge is ignited to propel the projectile toward the impact zone. Based
on recent field characterization, it was noted that propellant residues ac-
cumulated to reach levels of concern at firing locations. These results
demonstrated that firing points are of concern for range sustainability and
maintenance. This study was aimed at measuring the dispersion of propel-
lant residues both from the rearward and front blast of Carl Gustav 84-
mm antitank weapons, which are frequently fired in Canadian ranges. The
84-mm recoilless gun consists of an open tube that will propel an explo-
sive warhead with a flat and short trajectory upon ignition of the propel-
lant charge. The fact that the rear of the tube is open allows a rearward
blast that might project propellant grains as far as 50 meters backward.
DRDC Valcartier participated in a Carl Gustav live-firing exercise con-
ducted by the Infantry 06/07 school in February 2007 and installed parti-
cle traps behind and in front of the firing positions to catch the solid resi-
dues that were expelled upon firing. Another team sampled the gaseous
emissions produced by the propellant combustion, and these will be the
subject of another report. After the firing of thirty-nine Carl Gustav 84-
mm rockets, the traps were sampled and analyzed for propellant residues.
The use of the particle traps provided an elegant way of catching the parti-
cles without any interference. It was demonstrated that 14% w/w of NG
was dispersed by each firing. The highest levels of residues are projected
between 5 and 15 m behind the firing position, which corresponds with
what was observed in past antitank site characterization across Canada
and the United States. This work allowed the calculation of the dispersion
of contaminant per firing of 84-mm rounds, which will in turn contribute
to the prediction of the environmental impact of live firing with these



ERDC TR-08-1

weapons. By knowing how much residue is ejected per round and its loca-
tion, one can calculate how many rounds can be fired before the soil con-
centrations reach levels of concern of contaminants. Also, by learning the
fate of these contaminants, a global assessment of the environmental risk
associated with the activity can be evaluated. Finally, by better under-
standing the impact of past formulations, work can be conducted to de-
velop future formulations for shoulder-launched rocket propellants that
will have less adverse environmental impact.
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Introduction

Activities such as routine military training involving munitions in live-fire
exercises have proven to lead to the buildup of explosives or propellant
residues in soils. In the context where military activities are essential to
maintain troop combat readiness, it is imperative to better understand

the specific impact of each type of live-firing activity. This will allow man-
agement of these ranges to minimize adverse environmental effects and
development of future weapons with lesser environmental impact and lead
to recommendations that will minimize adverse environmental or human
health impact of actual weapons without reducing the training tempo.

Numerous live-fire ranges have been characterized over the last several
years [1—6]. Past studies conducted at antitank ranges demonstrated that
both target impact areas and firing positions (FP) contain high concentra-
tions of explosive and propellant residues in the surface soils [7,8]. The
explosive cyclotetramethylene-tetranitramine (HMX) accumulates at the
target area, while high levels of nitroglycerin (NG) have been detected both
in front of and behind the FP. The dispersion of HMX is due to the high
dud rate of antitank weapons and has been studied extensively in the past
[7-9]. The accumulation of NG at the FP has been attributed to the projec-
tion of unburned propellant grains, which are never completely consumed
and have the potential to contaminate the surface soils and underlying
groundwater. The delineation of the impacted areas proved that propellant
residues were dispersed up to 50 meters away from the firing line both be-
tween the firing point and the target and behind the firing line [8]. Carl
Gustav 84-mm antitank weapons are frequently fired on Canadian anti-
tank ranges. They are shoulder-launched and use a double-base propellant
composed mainly of NG dispersed in a nitrocellulose (NC) matrix. It was
hypothesized that propellant residues are spread both in front of and be-
hind the firing line, since the rear end of the launcher is open to eliminate
the recoil effect. The objective of the present study was to examine the
mass loading of propellant residue at firing point for the Carl Gustav
weapon. This will generate pertinent information on the source term of
propellant residues, enable further modeling studies, and allow the evalua-
tion of the time needed for the accumulation to levels of concern of propel-
lant residues on a given site based on the frequency of its use.
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The work described in the present report was conducted on 6 and 7 Febru-
ary 2007 and was conducted within Sustain Thrust, work breakdown ele-

ment 12SG02, and was co-sponsored by the Strategic Environmental R&D
Program (SERDP).
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Experimental Methods

Field Work

The live firing was conducted at the Arnhem antitank range, located within
the Garrison Valcartier training area, on 7 February 2007, from 9h15 am
to 11h45 am (Fig. 4-1). This site has been in use for more than 50 years by
the Canadian Forces for live-fire training with antitank weapons. The
range has five target tanks, three that are located in a sandy flat area at the
bottom of a cliff at approximately 100 meters from the firing line, and two
targets that are located in the cliff, respectively at 120 and 150 m from the
firing line. In the last five years, only practice rounds were fired at the
Arnhem range, while in the past, live HMX-based warheads were fired,
and this site was extensively studied [6, 8-9]. There are two FP, 40 meters
away from each other (Fig. 4-2).

Figure 4-1. Arnhem antitank range target area.
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Figure 4-2. Arnhem antitank range firing positions.

The DRDC team participated in an exercise of the Infantry course to col-
lect particles ejected by the 84-mm rocket firing. A delay of one hour was
available to the team to collect samples after the firing event, since the
military group was scheduled to fire mortar rounds at 13h00. The installa-
tion of the particle traps in front of the FP and behind the FP (from —30 m
to —50 m) was begun the day prior to the firing, on the afternoon of 6 Feb-
ruary, and was completed on the morning of the 7t from 7h30 to 9h00.
The meteorological conditions prevailing on 7 February were sunny with-
out winds, with a temperature that varied between —26°C at 7h30 to —17°C
at noon. Firing instructions, safety briefing, and explanation on the aim of
our sampling study were given to the military group prior to the exercise
(Fig. 4-3). The live firing was conducted by 36 students of the PP1 Infantry
06/07 course, split in nine groups of four students who fired in teams at
both FP (Fig. 4-4). Each student fired a minimum of two 84-mm rounds,
and a few groups fired more than four rounds per FP. Each student fired a
7.62-mm sub-caliber tracer round (FFV553) using the Carl Gustav
launcher prior to firing the 84-mm rounds.
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Figure 4-3. Briefing the PP1 Infantry 06/07 group prior to the firing exercise.

Figure 4-4. Students of the PP1 Infantry 06/07 course prior to firing.

A total of 77 rounds was fired, and the exact number of rounds fired by
each group is reported in Table 4-1. Thirty nine rounds were fired from
bay one (FP#1) and 38 from bay two (FP#2).
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Table 4-1. Number of rounds fired by each group at both firing positions.

Number of
Team Position 84-mm rounds Total

#1 4

1 8
#2 4
#1 4

2 10
#2 6
#1 4

3 9
#2 5
#1 5

4 10
#2 5
#1 4

5 8
#2 4
#1 4

6 8
#2 4
#1 6

7 10
#2 4
#1 4

8 8
#2 4
#1 4

9 6
#2 2

The sampling for solid propellant residues was conducted in front of and
behind FP #1, while sampling pumps were installed behind FP #2, in order
to collect the gaseous emission emitted upon firing. A separate report will
be published by Drs. Diaz and Poulin on the gaseous emissions. Sampling
at both FPs for solid residues was not possible considering the short time
frame between the Carl Gustav and following mortar round firings by the
same group. Moreover, it would have impaired the safe movements of the
military students on the firing pad.

Material

Past studies on particle collection from detonation events or live firing
have mostly used either aluminum witness plates [10] or snow cover as the
receptacle for particles [11-15]. Witness plates used in the past were not
considered for this study, because of their flat aluminum surface and the
poor retention of these flat surfaces toward solid particles in a highly tur-
bulent situation. The use of snow as a pristine media for the collection of a
contamination plume has many advantages and has been used successfully
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in many trials. However, this generates large snow samples that represent
sample handling, conservation, and processing constraints. Moreover, this
strategy was impossible to apply to our trial, since there was no pristine
snow or a very thin layer of snow rearward of the FP for the first 30 m,
which was almost certainly contaminated by past firings. The surfaces in
front of the FP and 30 m behind it were covered with fluffy, soft snow into
which particles would have fallen deeply. Sampling its surface afterward
would have led to an underestimation as a result of particle losses. More-
over, the probability of cross-contamination from past firing events was
very high. The training tempo since the fall was very high in preparation
of missions abroad.

A similar sampling strategy was used in a study conducted by DRDC on
the collection of perchlorate particles from the static firing of rocket pro-
pellants [16]. Particle traps in which distilled water was poured were suc-
cessfully used and it was decided to try a similar approach in the present
study.

Commercially available rectangular aluminum containers of 47.3 by 36.5
cm (0.173 m2) having a depth of 12 cm were used as the receptacles for
particles across the sampling area. The use of distilled water to solubilize
or wet the propellant particles was not appropriate in this case, due to the
low temperatures. Ethanol was used instead, in conjunction with two
sheets of paper towel that were placed in the bottom of the particle traps
(Fig. 4-5). This allowed the use of a limited amount of ethanol, and pro-
vided a wet surface where particles easily adhered. Metallic weights were
placed in the traps to minimize the risk of container movement following
firing turbulences. The traps were installed prior to the firing of the 39
Carl Gustav rockets and collected after the completion of the firing exer-
cise. DRDC had access during interruptions of the exercice, to inspect the
traps, add ethanol when needed, and pack snow behind the traps to avoid
loss due to the rearward blast. Only three traps were lost in our trial.
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Figure 4-5. Particle trap.

Weapon Description and Propellant Composition

The 84-mm infantry antitank gun is of Swedish design and manufacture.
It is a recoilless, low-velocity weapon that is breech-loaded and percus-
sion-fired. Two versions of the weapon are in service with the Canadian
Forces, the original High-Explosive (HE) weapon and the Target Practice
Rocket Assisted Projectiles (TP RAP). The Infantry school information
book for the Carl Gustav 84-mm weapon describes it as a recoilless
weapon that produces at firing a distinct flash and blast rearward, with

a danger area that extends to 50 m rearward [17, 18]. There are clear in-
structions to clean the venturi and the chamber between rounds to remove
any unburned propellant. Note that in the instruction manual, it is made
clear that the propellant does not burn completely.

The 84-mm round consists of a projectile and a cased propellant charge
that are integrated together in a single round (Fig. 4-6). Target Practice
Rocket Assisted Projectiles (TP RAP) were fired in our trial. For this
dummy round, the warhead is replaced by an aluminum alloy, without ex-
plosive. The propellant is layered in strips and is packed in the propelling
chamber (Fig. 4-7). The size of the round is illustrated in Figure 4-8, where
two HE rounds were open-detonated at CFB-Gagetown while we were
sampling the Gagetown antitank range [1]. Note the reddish color of the
thermoplastic rear end of the weapon.
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Figure 4-6. Integrated 84-mm round.
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Figure 4-7. Propelling chamber of the 84-mm round.

Figure 4-8. Two 84-mm rounds, Gagetown NB.
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The propellant charge for the Carl Gustav weapon consists of 370 g of
double-base propellant AKB 204/0 that is layered in forty 15-mm by 167-
mm strips [17]. The propellant is based on nitrocellulose (NC) and nitro-
glycerin (NG) with ethyl centralite (EC) as a stabilizer in the following
proportions (w/w): NC (61.0%), NG (37.5%), and EC (1.5%). This means
that at FP #1, 39 rounds were fired for a total of 14,430 g of propellant
containing 5,411.3 g of NG. At FP #2, 38 rounds were fired, for a total of
5,272.5 g of NG.

7.62-mm sub-caliber rounds were fired using the Carl-Gustav launcher
prior to the 84-mm firing to practice aiming and were propelled by 1.01 g
of NC [19]. Therefore, it did not contribute to any potential accumulation
of NG in the vicinity of the FP. However, this tracing practice round is
made of copper, lead styphnate, strontium nitrate, antimony sulfide, and
barium nitrate, thus explaining past results obtained in the target area of
antitank ranges where mixed contamination by heavy metals and HMX
were observed [1-9].

Field Setup

The particle traps were installed in front of and behind the firing line.
Those positioned between —50 m and —30 m were buried in the snow pro-
file. Traps behind the firing line between —2.5 m and —20 m were placed
on the hard surface of the firing pad, and snow was packed behind the
traps as a stopper (Fig. 4-9).

Figure 4-9. Particle trap behind firing line with snow stopper.
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Sixteen trap lines were set up perpendicular to the line of fire. In front of
the FP, traps were placed at respective distances of +5, +10, +15, +20, +30,
+40, and +50 m from the firing line. The setup used in front of the firing
line is illustrated in Figure 4-10.

Figure 4-10. Lines of particle traps in front of the firing line.

At the +5, +10, +15, and +30 m lines, three traps were used, with the mid-
dle trap being installed directly in front of the FP and two traps along the
same line, 5 m away in each direction. At the +20 and +40 m lines, five
traps were used, the center trap being installed directly in front of the FP,
with four traps placed 5 m and 10 m away in each direction. Behind the
FP, traps were placed at respective distances of —2.5, -5, —7.5, —10, —15,
—20, =30, —40, and =50 m from the firing line. At the —2.5-, —5-, —7.5-,
—10-, —15-, and —30-m lines, three traps were used, with the center trap
being installed directly behind the FP and two traps along the same line,

5 m away in each direction. At the —20- and —40-m lines, five traps were
used, the center trap being installed directly behind the FP, and four traps
placed 5 m and 10 m away in each direction. At the —50 m position, a sin-
gle trap was located at the centerline. The setup of the traps rearward of
the firing line is illustrated in Figures 4-11, 4-12, and 4-13.
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Figure 4-11. Lines of particle traps behind the firing line, between -30 and -50 m.

Figure 4-12. Particle traps behind the firing line, between -5 and -20 m.
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Figure 4-13. Field setup.
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Figure 4-13 presents the trap locations as well as the areas that were inte-
grated by our sampling pattern, which are highlighted in corresponding
colors. The total surface of each represented area is given in the two right-
hand columns, with a color code identical to the area that it represents.

A sampling line using three traps was also installed at —15 m, behind the
second firing position to obtain a field replicate of FP1. All the traps were
labeled using duct tape. The labeling system consisted of — or + x m, with x
being the distance from the firing line, — being behind the FP and + in
front. For the lines that had three traps, samples were combined so they
were all labeled the same. For the lines having five traps, the two traps at
10-m distance from the middle traps were labeled + or — x m ext, and they
were later combined in a second jar. Two field blanks were installed ap-
proximately 50 m away from the FP, to its west, along a tree line.

The live firing was conducted in nine groups of four students, with 10-
minute intervals between groups. The sampling team went 150 m away
from the firing pad at each firing, but was allowed on site in the intervals
to verify the status of the traps and make any corrective action when
needed. The traps directly behind the FP were the most problematic; three
were lost at —2.5, —5 and —7.5 m from the rearward blast. For these three
lines, results will be integrated using only two traps. The middle trap at
—10 m was blown away from its original position without losing its con-
tent, so it was re-installed twice and kept in the trial. The other traps were
stable and all remained in place.

Sample Processing

At the completion of the live firing, the traps were brought back to the
firing pads to be processed (Fig. 4-14). As explained earlier, samples were
combined for the three center traps; for the lines that had five traps, the
two external traps were combined in a second sampling jar. The very short
time frame allowed to our team between the end of the 84-mm firing and
our departure mandated that we combine our samples and limited the
number of samples that we collected.
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Figure 4-14. Sample processing.

The metallic weights were carefully rinsed using ethanol, and the wetted
paper towel was folded and put in wide-mouth 1-liter jars. The trap was
rinsed three times using ethanol. A total of 19 samples was collected at FP
one and one sample at FP two (—15 m). The two field blanks were collected
in the same manner.

Where the layer of snow allowed it, two snow samples were collected on
the firing pad area. The snow was collected using a shovel in a delimited 1-
m2area. A thin layer (approximately 1.5 cm) of snow and particles was col-
lected and the snow was shoveled in empty clean traps (Fig. 4-15). The
snow was collected in two areas that were representative of the —5- and —
20-m sampling area. The snow was melted at room temperature and the
resulting water phase was evaporated under a hood for 72 hours.
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Figure 4-15. Snow sample collection, -20-m area.

Extraction and Analysis

The glass jars were opened under a hood for 72 hours to allow the evapora-
tion of the ethanol. Pictures of representative particles were taken, and the
particles were added back to the jars containing the absorbent papers. A
known volume of ACN was added to cover the adsorbent papers and allow
a freestanding solution. The volume of ACN used for the extraction of each
sample is reported in Table 4-2. The bottles were placed on a wrist-action
shaker table for one hour and then transferred to an ultrasonic bath for 18
hours. Finally, a quantity of the final solution (between 700 and 800) was
transferred with an Eppendorf pipet into a 3-mL Luer-Lok syringe fitted
with a 0.45-um filter. The resulting solution was filtered into a 2-mL am-
ber vial. Samples were analyzed using Reverse-Phase High-Performance
Liquid Chromatography (RP-HPLC). The HPLC was equipped with an
ultraviolet diode array detector monitoring at 210, 220, and 254 nm. The
column used was a Supelcosil LC-8 column 25 cm x 3 mm x 5 um eluted
with 15:85 isopropanol/water (v/v) at a flow rate of 0.75 mL/min, with an
injection of 20 pL. The concentrations measured by HPLC allowed the
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determination of how much NG was deposited. This gave a concentration
deposited in a given area, which was calculated depending on the number
of traps that were combined to build each sample.

Tests were conducted prior to the trial to verify that the paper towel did
not interfere in the extraction process by irreversibly absorbing NG. Paper
towel was wetted, spiked, and extracted successfully without losing any
NG, in five replicates at two concentrations.

A few samples were pre-concentrated using a Zymark pre-concentrator,
while others were diluted prior to injection to obtain results within the
calibration curve. The two main types of particles were analyzed using a
BioRad FTS-3000 Excalibur Series FTIR, using a Varian UMA 600 FTIR
microscope with 15X objective, and the slides were deposited on an ATR
W/Ge crystal. Spectra were recorded between 4000 and 400 cm-—.
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Results and Discussion

Test Setup

The test setup that we used was appropriate to collect propellant residues.
Only three traps were lost due to the rearward blast, the center traps at

—5 m and —7.5 m. No traps were lost or even moved in front of the FP. The
total area that was covered by our sampling pattern was 1300 m2, which
seemed appropriate, based on the absence of visible particles on the snow
surface outside of the boundary of the area sampled. However, because of
the time constraints, a limited number of traps were used and they were
also combined by rows, leading to higher uncertainty in the corresponding
results.

Particle Size, Distribution, and Type

The particle size, distribution, and type varied greatly with distance and
location (forward or rearward of FP). Rearward of the firing line, the parti-
cle size varied from fine dust near the FP to large particles, up to 2-mm
size 40 m away. The distribution was quite homogeneous near the FP,
while highly heterogeneous farther away. Figure 4-16 illustrates this phe-
nomenon. The fine particles suffer air resistance (drag) and fall rapidly on
the soil surface, while larger particles have more inertia and less friction
surface and therefore fly longer paths and are projected at greater dis-
tances. The traps were successful at catching a representative number of
particles, as determined when we compared the content of the traps with
the particles dispersed on the snow surface around them.

In front of the firing line, particles were observed only in the first row (+5
m), and they were thin and of a glassy appearance (Fig. 4-17). Pictures of
all particles collected were taken prior to grinding to illustrate the varia-
tion in size and type with distances. These are illustrated in Figures 4-17

to 4-21. Particles rearward consisted, for the first 10 m, of particles smaller
than 1 mm with a mix of thin and glassy appearance and chunks of pale
yellow particles. At —15 m, particles collected at both FP had the same
distribution, quantity, and appearance, with a mixture of solid pale yellow
particles up to 1.5-mm length and thin glassy ones.



ERDC TR-08-1 4-24

Figure 4-16. View looking rearward from FP #1 after completion of firing.

At —20 m, the three center traps caught larger particles varying from 0.2-
to 1-cm diameter, and larger glassy particles as well. The external traps
caught approximately the same amount of particles, indicating that the
plume at —20 m is at least 20 m wide. At —30 m and —40 m, no thin glassy
particles were caught, while larger ones up to 1.3 cm long were caught.
Most of the particles were caught in the center traps. No visible particles
were projected outside of the boundary of our setup.

Figure 4-17. Particles collected at +5 and -5 m.
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Figure 4-18. Particles collected at -10 m.

Figure 4-19. Particles collected at -15 m, FP #1 and #2.
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Figure 4-20. Particles collected at -20 m in the middle and in external traps.

Figure 4-21. Particles collected at -30 and -40 m.

At first, the larger particles were thought to be unburned propellants. In
order to verify their composition, solid-state attenuated total reflectance
(ATR) Fourier Transformed Infra Red (FTIR) spectra were recorded for
the solid larger particles, the glassy smaller particles, and the white plastic
chunks. The spectra were compared to a “Know it All” database library and
are presented in Figures 4-22 and 4-23. The matches from the library are
Stuktol FA 541 for the solid particles, a thermoplastic classified as a flame
retardant, while the thin glassy particles were identified as NC and the
white plastic parts were identified as a commercially available polypropyl-
ene. The FTIR spectrum of the white plastic is not presented.
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Figure 4-22. ATR FTIR and related match from a database for the larger particles.

Figure 4-23. ATR FTIR and related match for the thin glassy particles.
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The ATR spectra proved that the larger particles were not composed of un-
reacted propellant, but rather the thermoplastic layer located at the rear
end of the 84-mm (see Fig. 4-8), which is designed to break into pieces
when the propellant ignites. The large particles of breakable thermoplastic
are projected farther than the fine unreacted propellant. However, it is
highly plausible that the larger thermoplastic pieces are contaminated by
propellant on their surface, and that by being projected far back they con-
tribute to the spreading of the propellant residues.

Estimate of the Mass of Nitroglycerin Deposited

Results are presented in Table 4-2. Some samples were concentrated using
a Zymark pre-concentrator and the final volumes are reported. Other sam-
ples were not concentrated and had to be diluted in order to obtain a result
that was in the region of linearity of the calibration curve.

The total amount of NG dispersed is approximated to be 780 g. Thirty-
nine rounds were fired; each round contained 370 g of propellant, com-
posed of 37.5% NG, leading to 5,411 g of NG fired. So, 780 g of NG or 14%
w/w of NG was deposited on the surface soil, or else 20 g of NG per round,
as unreacted residue. If we examine the results in term of what was depos-
ited in front versus behind, 15.38 g was projected in front while 765.7 g
was projected behind, meaning that 98% of the residue is projected behind
the FP. Of the material that is projected rearwards, 96% is located in the
first 15 m.

Results obtained for the farthest samples collected ( +30 m to +50 m and
—30 m to —50 m) are considered not significant, since the area sampled
versus the global area is too small, and also since the results are smaller
than the estimated errors on the data, which is at least an order of magni-
tude higher than the results themselves. Visually, it was obvious that most
of the residues were ejected behind and in the first 10—15 meters. The fact
that we still detected NG at farthest distances might be explained by the
projection of pieces of the thermoplastic rear end of the weapon, and these
might be contaminated by traces of propellants.
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Table 4-2. Analytical results: Mass of NG deposited.
Volume of ACN Result NG in traps Number Urfiace lotal area Total NG NG/round
sample ml mg/L mg of traps  m? m? mg g

+50m 6.6 5.56 0.07 1 0.173 100 40 negligeable
+40m 6.3 1.75 0.02 3 0.519 100 4 negligeable
+40m ext 4.4 3.97 0.03 2 0.346 100 9 negligeable
+30m 6.9 4.54 0.06 3 0.519 100 12 negligeable
+20m 13.8 362.87 10.00 3 0.519 50 963 negligeable
+ 20 m ext 5.5 64.34 0.70 2 0.346 50 101 negligeable
+15m 5.2 124.43 1.30 3 0.519 50 125 negligeable
+10m 12.2 310.98 7.60 3 0.519 50 732 0.02
+5m 453 153.45 139.00 3 0.519 50 13391 0.34
total NG in front 15378 0.39
-25m 61.5 701.53 86.30 2 0.346 25 6236 0.16
-5m 500 356.25| 3562.30 2 0.346 25 257392 6.60
-75m 500 494.96| 4949.60 2 0.346 25 357630 9.17
-10m 500 188.06| 1880.80 3 0.519 25 90597 2.32
-15m 500 108.19 360.60 3 0.519 50 34740 0.89
-20m 151.7 277.66 84.20 3 0.519 50 8112 0.21
-20 m ext 60.2 401.02 48.30 2 0.346 50 6980 0.18
-30m 10.2 20.33 0.40 3 0.519 100 77 negligeable
-40m 10.4 16.85 0.30 3 0.519 100 58 negligeable
- 40 m ext 10.5 5.95 0.10 2 0.346 100 29 negligeable
-50m 6.6 507.44 6.70 1 0.173 100 3873 0.10
Total NG behind 765723 19.63
Total NG 781100 20.03
-15m FP#2 500 146.04 481.2 3 0.519 50 46358 1.22
Blank 1 0 1 0.173 0.173

Blank 2 0 1 0.173 0.173

Snow 1 1808 345.51 24987 1 1 50 1249350

Snow 2 2246 334.55 30056 1 1 50 1502800

samples -15m : diluted by a factor of 6.66

samples -10, -7.5 and -5 m: diluted by a factor of 20

snow samples: diluted by a factor of 40

FP# 1: 39 rounds, FP# 2: 38 rounds

We have only one field replicate in this trial at —15 m, and results are high-
lighted in yellow in Table 4-2. If we consider that 39 rounds were fired at
FP #1 and 38 rounds were fired at FP #2, it means that we measured a
deposition of 0.89 g of NG per round in one case and 1.22 g of NG in the
other. These are within 15% of their average value and represent an indica-
tion that our trap system was effective at this distance.

The results on the external traps (+20, +40, and —40 m ext) demonstrate
that most of the particles are projected mostly within the three-trap center
area (10 m wide), with the exception of the —20-m row where the pattern
of dispersion is larger than 10 m. Our template did not take into account
the “cone-like” projection area rearwards of the FP, and future templates
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should take that into account. In our trial, time was of the essence since
the military personnel had to perform mortar training one hour after the
completion of the 84-mm firing. The sampling team combined the extracts
by rows to clear the range on time, so no information was obtained on the
dispersion of the residues, with the exception of rows located at 20-m and
40-m distances.

Results obtained for the two snow samples proved that the snow had been
contaminated from past firing exercises, because if we did integrate the
results obtained over the projected area behind the FP, there would have
been more NG spread in the environment than what was actually fired.
This demonstrates again the high deposition rate of this weapon and the
accumulation of high concentration of propellant residues behind the FP.
The snow behind the FP was not pristine snow, as past firing exercises
were conducted and the snowplowing conducted there has clearly not
removed residues from past exercises.

We also learned another interesting fact while performing this trial. The
military personnel explained that antitank ranges are also frequently used
to fire mortars, and when doing so, they fire a few meters in front of the
antitank FP. This partly explains the high levels of propellant residues that
were encountered in front of the FP in antitank ranges.
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Recommendations and Conclusion

The goal of this study was to characterize live-firing residues that were
generated by the firing of 84-mm Carl Gustav antitank weapons. Our re-
sults demonstrate that the combustion of the propellant charge is highly
inefficient, with 14% w/w of NG being deposited as unreacted propellant
residue. Testing in live-fire exercises always presents a challenge. In our
case, time was a limiting factor and the main weakness of our trial was the
relatively limited area that was sampled using small particle traps because
of the short timeframe in which it was conducted. This represents a high
approximation when integrating the results for large areas with such small
decision units. In our case, the use of snow as the receptacle for particles
was not possible, and the time constraints allowed the use of only a limited
number of traps that were combined by rows. These results should then
be considered as preliminary, but they still clearly demonstrate that this
weapon is propelled by a highly inefficient system. In the Carl-Gustav in-
struction manual, instructions are given to visually inspect the venturi
chamber to remove any unburned propellant between rounds, so it is an
accepted fact that the propellant is inefficiently burned.

From studies conducted thus far in Canada and the United States, the 84-
mm rocket’s propulsion is the least efficient propellant burning process
measured. The same calculations were made for 60-mm, 81-mm, and 120-
mm mortars and conducted to the respective dispersion of 0.65, 3.3, and
1.4% w/w of the original NG mass [12, 20]. Artillery 105- and 155-mm
howitzer firings led respectively to 0.2 to 0.5% and 5 x 10 -4 w/w of 2,4
DNT as a residue [10,21].

It is recommended to repeat the experiment to confirm our results, which
are considered preliminary.

The level of NG deposited is estimated to be 14% w/w for 84-mm rockets,
but it still might be underestimated based on the results of the external
traps and on the snow samples. The fact that very high levels of residues
were collected in the snow samples indicates that past firings contami-
nated the area. If time had allowed, background samples should have been
collected in the snow behind the firing point and would have allowed the
determination of the background level of contamination prior to firing.
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The high levels of NG in the snow samples could also indicate that our trap
did not succeed in catching all particles projected and that we still under-
estimate the levels of NG dispersed by the 84-mm rocket firing.

In future trials, if available, pristine snow should be used to collect the
residues instead of traps, thereby leading to the integration of a larger
sampling area to minimize the associated errors. The use of a higher num-
ber of traps to better delineate the plume would also be appropriate since
it avoids the cross-contamination problems. If time allows , the delinea-
tion of the plume should be made in both directions from the FP. Our
study has demonstrated that future trials should concentrate behind the
FP in the first 20 m. Our study also proved that site characterization re-
sults were representative of the impact of the antitank rockets behind the
FP, while results in front of the FP might represent a mixture of various
activities conducted on this type of training range. This study reinforces
the importance of managing and maintaining firing points to avoid creat-
ing sources of energetic residues on ranges. Our study also reinforces the
need for the development of better propelling systems that will minimize
residue deposition.
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Nomenclature
ACN Acetonitrile
ATR Attenuated Total Reflectance
DND Department of National Defence
DNT Dinitrotoluene
DRDC Defence Research and Development Canada
EPA Environmental Protection Agency
FP Firing Position
FTIR Fourier Transform Infrared spectroscopy
GPS Global Positioning System
HE High Explosive
HMX Cyclotetramethylene Tetranitramine,
or high-melting explosive
NC Nitrocellulose
nd Not Detected
NG Nitroglycerin
RP-HPLC  Reverse-Phase High -Performance Liquid Chromatography
SERDP Strategic Environmental R&D Program
TP RAP Target Practice Rocket Assisted Projectiles
UTM Universal Transverse Mercator Grip
uv Ultraviolet
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— Chapter 5 —

Assessment of Gaseous and Particulate
Propellant Residues
Resulting from Small Arms Live Firing

DOMINIC FAUCHER, SYLVIE BROCHU, ISABELLE POULIN,
AND MICHAEL R. WALSH

Abstract

A large number of small arms ranges have been characterized in Canada
and the United States (Chapter 8, this report) to assess propellant residue
accumulation in near-surface soils at firing point areas. However, from
range characterization data, the evaluation of the extent of contamination
associated with the use of a specific ammunition/weapon system is impos-
sible. Indeed, none of these ranges is used for a single munition, and infor-
mation on the historic use of a range is limited and sometimes inaccurate.
Moreover, the soil of these ranges is often contaminated from unknown
past activities. Not only is there a lack of information on the buildup of
propellant residues on the ground, but also there is little information on
the gaseous emissions resulting from the live fire of the weapons. How-
ever, there is a need to better understand the gun propellant combustion
and the parameters having an influence on the propellant efficiency. This
information is critical to help us properly advise the US and Canadian
Forces to sustain military training, and to help design alternative gun pro-
pellant formulation with better combustion properties than current ones.

A study was thus undertaken to estimate the amount of unburned ener-
getic residues deposited per round fired for 15 different caliber/weapon
systems involving 9 mm, 7.62 mm, 5.56 mm, .50 cal, and .338 cal; many of
them were done in duplicate and one was done in triplicate. For all trials,
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samples were collected in aluminum plates strategically located on the
ground in front of the gun. To identify the most common air contaminants
and their concentrations, air samples were also collected for the three
most commonly used systems using pumps and enclosure bags to optimize
sampling. All samples were analyzed for nitroglycerin and 2,4-dinitro-
toluene. Also, gas samples were analyzed for polycyclic aromatic hydro-
carbons, total cyanides, the BTEX suite, aldehydes, and nitric acid.

The percentage of unburned nitroglycerin (NG) per round was found to
vary between 0.001% and 3.90%, and up to 2.03 mg NG per round was
deposited, depending on the caliber/weapon used. This makes the burning
efficiency of most small arms better than mortars, but worse than some
artillery rounds. Although the amount of dispersed NG per round seems
low, the large amount of small caliber ammunition fired in military train-
ing as compared to medium and large caliber ammunition can lead to
rapid accumulation on the surface of the soil. Moreover, the small arms
residues accumulate in a much smaller area than those of mortars and
artillery, leading to a higher concentration buildup. The results show that
accumulation of NG in the environment is cumulative over years, and
probably decades.
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Introduction

Small arms training is a huge portion of military activities, since all service
personnel must be qualified in the handling of a personal weapon. In Can-
ada, millions of small caliber rounds are fired annually to maintain the
troops in a high state of preparedness; this training has been increasing

in the past years due to the numerous military operations abroad. In this
context, small arms training ranges are being used extensively, which con-
tributes to the escalation of residues accumulation on site.

Over the past years, Defence Research and Development Canada - Valcar-
tier (DRDC Valcartier) has been working on the characterization of con-
tamination on various types of outdoor ranges. Specifically, sampling at
strategic positions on the ranges was performed at the firing positions and
the target area. It is well known that heavy metals such as lead, copper,
and antimony accumulate at the stop butts in concentrations high enough
to impact the soil, biomass, surface water, or even groundwater (ITRC
2003 and 2005). Jenkins et al. (Chapter 8, this report) have also shown
that residues coming from the incomplete combustion of gun propellant
accumulate as solid particulates in front of the firing positions of small
arms ranges. Major constituents of concern are 2,4-dinitrotoluene (2,4-
DNT) and nitroglycerin (NG), which are part of single- and double-base
propellant, respectively.

The combustion efficiency is thought to be influenced by the type of cali-
ber, propellant, and weapon used, as well as weather conditions. However,
since small arms ranges are usually employed for multiple weapons, little
information can be extracted about the contamination related to a specific
round. The purpose of this research project was thus to better define the
amount and distribution of residues emitted per types of rounds and
weapons, in order to have a better understanding of the parameters con-
trolling the combustion of gun propellant in small arms. This study is
complementary to the project of Walsh et al. (Chapter 3, this report; 2007)
where per-round estimates were obtained in winter conditions.

The firing of a weapon produces an aerial plume composed of various
gases and particles that will eventually be dispersed by the wind or settle
on the ground. Walsh et al. (Chapter 3, this report; 2007) were able to es-



ERDC TR-08-1 5-4

timate the mass of unreacted energetics deposited on the ground during
the firing. However, little is known about the composition of the aerial
plume that can stay in suspension several minutes around the shooter.
Previous work was conducted in the United States by the US Army Envi-
ronmental Center to develop emission factors based on firing point emis-
sions for various types of range operation, such as weapons firing, smoke
and pyrotechnic devices, and high-explosive munitions. The work, con-
ducted with the Environmental Protection Agency (EPA), used different
munitions test facilities, such as test chambers, blast spheres, and bang-
boxes at the Aberdeen Test Center, Maryland, to sample and analyze emit-
ted products. The results of these tests led to the calculation of emission
factors that were published in the USEPA Compilation of Air Pollutant
Emission Factors (AP-42) (Bach 2006). An emission factor is a represen-
tative value that attempts to relate the quantity of a pollutant released to
the atmosphere with an activity associated with the release of that pollut-
ant. These factors are usually expressed as the weight of pollutant divided
by a unit weight, volume, distance, or duration of the activity emitting the
pollutant (e.g., kilograms of particulate emitted per megagram of coal
burned). Most specifically, the particulate matters were not thoroughly
studied, and this work is intended to fill this gap.

The objective of this study is thus to assess the nature of those compounds,
both gaseous species and solid particles, and to determine the size distri-
bution of the latter, emitted in the vicinity of the gun during the live firing
of small arms. A series of experiments was thus designed to characterize
the behaviour of various types of small caliber ammunition and the distri-
bution of gun propellant residues on a range using the most common
weapons under realistic training conditions. The outdoor trial occurred
from 18 to 25 April 2007, on a site adjacent to DRDC Valcartier, operated
by the Munitions Experimental Test Center (METC). The calibers tested
were 9 mm, 7.62 mm, 5.56 mm, .338, and .50 cal. For each caliber, up to
three different weapons were used to evaluate the effect of the length of
the barrel on the propellant combustion. Solid particles that settle on the
ground and air samples were collected and analyzed. The present report
contains information about the equipment used, sampling methodology,
laboratory work, results, discussion, and recommendations. The study

of these results will then lead to a better understanding of the burning
mechanisms for a specific propellant under various conditions. This will
help decision-makers in developing improved management tools for out-
door military training ranges.
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Experimental Setup

This section presents the different equipment that was used for the tests. It
covers the weapons and ammunition used for the tests, and a description
of the test site and the sampling equipment used. The detailed sampling
strategy will be discussed in the next section, Sampling Methodology.

Selection of Calibers and Weapons

As previously mentioned, the purpose of the trial was to replicate military
training under the most realistic conditions. Although the use of enclosure
bags on weapons is not representative of real training, it was very useful to
optimize the collection of airborne particles and gases emitted in the im-
mediate vicinity of the weapon. It is, however, not representative of the
soldiers’ exposure, since the sample collection was not made in the breath-
ing zone. A set of small-caliber weapons was selected to represent the most
extensive scale of weapons used in day-to-day training by infantry units of
Canada and the United States. The following ammunition calibers were
chosen because of their intensive use in training: 9 mm, 7.62 mm, 5.56
mm, .50 cal (less frequent), and .338 cal. The following paragraphs give
more details about each of these calibers. A brief description of each
ammunition/weapon system is given in Table 5-1, and a more thorough
description of the ammunition tested, including the measured amount of
NG and 2,4-DNT in each propellant and the number of rounds used for
each trial, is reported in Table 5-3.

9 mm

The 9-mm rounds are usually fired on small shooting ranges, usually
around 25-m distance to the target. Currently, there are two types of
9-mm rounds used in Canada, each fired with a different weapon: MK1

is designed to be fired from a Browning pistol, whereas Luger 115 FMJ is
fired from a Sig Sauer pistol. The Browning pistol, with its overall length
of 197 mm and its barrel length of 123.8 mm, is slightly larger than the Sig
Sauer, which has an overall length of 180 mm and a barrel length of 97.8
mm (Table 5-1). Both types of rounds usually contain the same composi-
tion and quantity of double-base propellant (Table 5-3), but the Luger con-
tains a lead-free primer.
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Table 5-1. Description of ammunitions and weapons used for each trial.

Ammunition Weapon
Weapon Barrel Muzzle
length length velocity
Caliber Type Type (mm) (mm) (m/s)
MK1 Ball
Luger 115 FMJ Browning pistol 197 123.8 365
9 mm Frangible Sig Sauer pistol 180 97.8
Link 4-Ball (C21)- 1-
tracer (C19)
7.62 mm C24 Blank link C6 Machine gun 1231 679 838
C77 Ball clip
Link 4-Ball (C77)- 1
tracer (C78) C7 Automatic rifle 1006 530 926
C79A1 Blank link C8 Automatic carbine 400 926
5.56 mm Frangible C9 Light machine gun 1038 530 926
Link 4-ball (M2)- 1-tracer Browning heavy
(M17) machine gun 1140 na 893
AAA750 Hodgdon
.50 cal H50BMG 225 gr McMillan rifle 1450 737 818
0.338 cal Lapua Magnum Timberwolf na 690 na
na: Not available

Table 5-2. Priming compositions used in the 9-mm MK1 ball cartridges.

Composition
Type B Type C

Ingredient (% dry weight) (% dry weight)
Lead styphnate 40 37
Tetracene 5 4
Barium nitrate 30 32
Antimony sulphide 9 15
Lead dioxide 9 0
PETN 7 5
Aluminium powder 0 7

Gum solution 0 As required

The MK1 bullet is made of a 98/2 lead/antimony core covered with a
copper/zinc jacket. The primer consists of a brass cup containing ap-
proximately 0.017 g of priming composition. Two different priming com-
positions can be used in the MK1, as shown in Table 5-2. It was impossible
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to retrieve the specific composition of the primer used for this experiment.
However, one can see that lead styphnate is present at approximately 40%
in the two compositions. Also, in the primer, after pressing the charge and
coating it with varnish, a lead foil disc is placed over the composition, fol-
lowed by a brass anvil having two flash holes.

7.62 mm

In normal training conditions, the 7.62-mm caliber is fired at distances up
to 400 m from the target. This type of round used to be the routine service
ammunition for all personnel in the Canadian Forces; it was replaced by
the 5.56-mm about 20 years ago. At this time, weapons firing this ammu-
nition included rifles and carbines with longer barrels than today’s more
versatile 5.56 mm. This ammunition is still part of training for some field
units using the machine gun, but is less frequently used than the 5.56 mm.
For the purpose of this study, rounds were fired using the machine gun C6
having a barrel length of 679 mm (Table 5-1).

For our experiments, only two types of rounds were tested: the C21 ball
and the C24 blank. These types of rounds come in belts of 220 rounds,
designed to feed the C6 machine gun. The belt contains sequences of four
balls (C21) and one tracer (C19), all containing double-base propellant.
The tracer round contains a slightly different amount of propellant, usu-
ally less than the normal round (Table 5-3).

The C21 ball is composed of four parts: cartridge case, bullet, propellant,
and primer. The bullet is 29.21 mm long and weighs 9.53 g. It consists of
a 90/10 lead/antimony core covered with a gilding metal jacket (copper/
zinc). The propellant in the C21 ball weighs 2.75 g and is a colloid of nitro-
cellulose, containing diphenylamine as a stabilizer. It is coated with a sur-
face moderant and glazed with graphite. The primer consists of a brass cup
containing approximately 0.032 g of priming composition. The pressed
composition is varnished and a lead foil disc is placed over the composi-
tion. Three priming compositions are in use in the 7.62-mm ball car-
tridges, as shown in Table 5-4, but the information about the exact
composition in the balls used during the trial could not be retrieved.
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Table 5-3. Description of munitions used. The propellant weight and percentage of NG
per round in the specifications are also given, as well as the experimental values.
Specifications Experimental
Propellant Propellant
weight NG weightp NG NG
NSNa Munition Lot QTY Weapon 8 (%) (8 (%) (mg)
1305-20-
000-6943 9-mm Ball MK 1 IVIO3L29-13 | 960 | Browning pistol | 0.39-0.49 13.95 0.42 12.7 53.3
1305-21- 9-mm Ball Luger
921-7785 115 gr IVI 03 B02-01 192 | Sig Sauer P225 na na 0.41 12.7 521
1305-20- C21/C19 7.62-mm C6 machine
000-7697 link (4 ball/1 tr) IVIO3 HO2 LO2 | 880 gun 2.73-2.96 7.8 2.96 2.4 71.0
1305-21- €62 7.62-mm C6 machine
879-0019 blank link IVI98K11-03 880 gun 0.62-0.75 na 0.75 18.6 140
1305-20- | C77/C785.56-mm | |v| 030 40 C9 light
000-7698 link (4 ball/1 tr)c LO1 200 machine gun 1.6-1.65 10.3 1.66 9.2 153
C7 automatic
rifle/C8
1305-20- C77 5.56-mm automatic
001-0358 ball clips IVIO6 A35-51 910 carbine 1.6-1.65 10.3 1.65 9.3 153
1305-21- C79A1 5.56-mm C9 light
920-5050 blank link IVIO3 F87-06 | 200 machine gun 0.40 20.8 0.39 19.5 76.1
C7 automatic
rifle/C8
1305-21- C79A1 5.56-mm automatic
908-5516 blank clips IVI99 L52-08 | 294 carbine 0.40 na 0.38 101 38.4
1305-00- M2/M17 .50 cal Browning
540-1056 link (4 ball/1 tr)d IVI93F10-LO6 600 machine gun 14.2-15.5 10.4 15.20 8.3 1262
AAA750 Hodgdon
H50BMG McMillan rifle 14.7 na na na na
1305-99- .338-cal LAP MAG Timberwolf
519-0318 B408 16.2g FMJBT LPT-05-1 200 shiper rifle 16.2 11.6 5.88 9.6 564
Greenshield C7 automatic
5.56 mm IVI 03D24-06 198 rifle 1.785 9.9 1.79 9.6 171
1305-55- Greenshield
000-0057 9 mm IVI 06K04-02 195 | Sig Sauer P225 0.45 na 0.45 10.7 48.2

a  NSN: NATO stock number
b Propellant weight was determined experimentally, except for 7.62-mm C21/C19, for which the theoretical value is indicated.
¢ C78 has same propellant as C77, but in lesser amount (1.62 g vs 1.66 g). Difference not taken into account in calculations.

d  The experimental percentage of 2,4-DNT in .50 cal was found to be 0.04% for M2 and 8.3% for M17, but none was found in the
samples (Table 5-B1).

na Not available
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Table 5-4. Priming compositions used in the 7.62-mm C21 ball cartridges.

Composition
Type A Type B Type C
Ingredient (% weight dry) (% weight dry) (% weight dry)
Lead styphnate 37 40 37+5
Tetracene 3 3 4+1
Barium nitrate 38 30 32+5
Calcium silicide 13 0 0
Lead dioxide 9 9 0
Antimony sulphide 0 9 15+ 2
PETN 0 7 5+1
Aluminium powder 0 0 7+1
Gum solution 0 0 As required

5.56 mm

As for the 7.62-mm caliber, the 5.56-mm rounds are usually fired at dis-
tances up to 400 m from the target. This caliber is now part of routine ser-
vice ammunition in most countries. In Canada, 5.56 mm is used in many
types of weapons: C7 automatic rifle (530-mm barrel), C8 automatic car-
bine (400-mm barrel), C9 light machine gun (530-mm barrel), and MP5
submachine gun (Table 5-1). The first three types of weapons can be em-
ployed by field units, but the C7 automatic rifle is definitely the weapon
that is most employed, since every member has to carry it during initial
training. The rounds come in two types: C77 standard balls designed to be
fired from magazine-fed C7 and C8, and C77 linked cartridges (200 rounds
per belt, sequence of four balls (C77) and one tracer (C78) designed to be
fired from the belt-fed C9. The same propellant is used for C77 and C78,
but in smaller quantity for the tracer (Table 5-3). The MP5 submachine
gun is used only by naval boarding parties and some specialized field
units, thus it was not covered in the experiment. For the three weapons
used in the test, blank firing was also performed. All types of 5.56-mm
rounds contain double-base propellant.

The C77 ball cartridge case is made of drawn brass (copper/zinc 70/30).
Each cartridge contains approximately 1.65 g of PRB SS109, a double-base
propellant made of laminated grains containing diphenylamine as a stabi-
lizer. Calcium carbonate, sodium sulphate, and potassium nitrate are
added as erosion and flash reducers. The propellant is coated with dibutyl-
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phthalate and dinitrotoluene, which act as surface moderants and mois-
ture-proofing agents. Graphite is used to glaze the finished propellant.

The C77 ball primer (Boxer type) consists of a non-corrosive brass cup
containing approximately 0.022 g of priming composition. After being
pressed into the cup, the charge is sealed with varnish and a foil disc
before the brass anvil is inserted. If a dry priming composition is used,
the charge is sealed with varnish and covered with a lead foil disc before
the anvil is inserted. If a wet priming composition is used, the charge is
covered with a red foil paper disc, then sealed with varnish and the anvil
added. In the latter method, an additional coat of varnish may be applied
after anvil assembly.

.50 cal

In the past years, this caliber was designed to be fired from a belt-fed
machine gun, but in Canada it has been slowly discarded since no vehicle
is now fitted with this weapon. However, every Canadian Forces ship con-
tains up to four machine guns on board. Since this weapon has been used
in the past by field units and is still used by the Navy, it has been decided
to include this caliber in the test. The rounds come in a 200-cartridge belt
in four balls (M2) plus one tracer (M17) sequence. The lot employed in the
trial contained double-base propellant.

Rounds of .50 cal were also fired with a tactical sniper McMillan rifle.
The rounds used with this weapon are not made of the same propellant
as those for the machine gun (Table 5-3) and are usually coated with
molybdenum to reduce barrel wear.

.338 cal

The .338-cal Timberwolf rifle is a more recent type of weapon designed to
be used by snipers in the present battle context and eventually replace the
.50-cal McMiillan rifle, which is larger. Currently, the .338-cal rifle is em-
ployed only by some units, but since it has been recently implemented, it
was a good opportunity to test it on a range. The .338-cal Lapua Magnum
is the round designed to be fired from the rifle. It contains a double-base
propellant (Table 5-3).
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Frangible Ammunition: 9 mm and 5.56 mm

Frangible ammunition does not contain lead in the priming composition
and bullet and is designed to disintegrate upon impact on hard surfaces.
To verify the efficiency of propellant combustion, two different calibers
of frangible ammunition (9 mm and 5.56 mm), manufactured under the
name Greenshield Simunition, were included in this study. The 9-mm
rounds were fired from a Sig Sauer pistol and the 5.56-mm rounds were
fired from a C7 rifle. Both types of rounds contain a double-base propel-
lant (Table 5-3).

Description of Test Site and Firing Device

One of the major concerns that occur when planning such a trial is the es-
tablishment of a danger zone that will cover the different types of weapons
used. To significantly reduce this danger zone, the approach was to con-
duct all the tests with the weapons firing from a fixed mount equipped
with a remote firing device that allows the rounds to exit the barrel in the
relatively same trajectory. This setup presents the advantage of promoting
a more even distribution of particles. The fixed mount is a heavy steel
structure bolted on top of a thick steel plate. The dimensions of the mount
are approximately 1 m wide by 1 m high by 70 cm deep. The top of the
mount is equipped with an adjustable sliding track on which the weapon
is secured for firing. The securing device will change depending on the
weapon fired. As mentioned previously, every weapon was fired using a
remote firing device, composed of a control box equipped with push-
buttons and a compressor to activate the trigger mechanism. The control
box runs on a three-second sequential mode, in order to prevent weapon
malfunction. This sequential control can be deactivated when firing in
fully automatic mode. Figure 5-1 shows a typical setup with a pistol. Every
weapon tested was set at about 1 m from the ground.

The test site, a flat area located on the properties of METC, measures
about 600 m long by 200 m wide, and is surrounded by a road that is ac-
cessible from two points of entry (one at the northern end and one at the
southern end). The area is bordered by woods on the south and west ends,
and by METC buildings on the north and east ends. The two stop butts are
located in the middle of the field and are facing north. They are covered by
thick concrete walls; this is shown in Figure 5-2. Only the left-hand butt
was used during the trials.



ERDC TR-08-1 5-12

Figure 5-1. Fixed mount equipped with a pistol.

Figure 5-2. Stop butts and sampling layout.
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Sampling Methodology
Ground Sampling

Aluminum trays were used to collect particles that settle on the ground
after the firing, hereafter called ground samples; no soil sampling was
performed. The sampling area was chosen based on the results of Walsh
et al. (2007) for similar trials on snow, where the plume could be clearly
delineated. Sampling distances in front of a specific weapon were similar
or greater than those of Walsh et al. (2007), but sampling width was usu-
ally kept constant at 6.45 m. The use of a large number of sampling plates
on each line allowed for a precise determination of propellant dispersion
away from the weapon’s barrel.

The equipment used was composed of aluminum trays, measuring ap-
proximately 45 cm wide by 35 cm long with a 10-cm lip. As shown on
Figure 5-2 and Figure 5-3, these containers were placed on parallel lines,
perpendicular to the firing direction. The trays were placed so that the
trajectory of the round was over the symmetrical center of the setup. Each
line contained seven trays placed at every meter, except the first line at

0 m, which contained three containers on a 3-m-wide line. The sampling
lines were placed at the following distances from the weapon’s barrel: O, 1,
2,3,4,5,7.5,and 10 m. When larger calibers were used, additional lines
were installed at 12.5, 15, 20, and 25 m from the weapon. Also, when more
winds were present, some containers were added in a column at the left of
the sampling area to prevent the loss of particles. Table 5-Al in Appendix
5-A gives a summary of each test along with the number of samples col-
lected. (Note that the sort order in Table 5-Al and Table 5-B1 is different:
results are reported in order of trials in Table 5-Al, while they are grouped
by caliber/weapon in Table 5-B1.)
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Each aluminum container was filled with an arbitrary volume of solvent
(ethanol, water, or acetone) large enough to cover all the bottom of the
container. The choice of collection solvent is not critical, because its role is
only to prevent particles from sticking to the trays and/or be blown away
by the wind or the blast of the weapon. The use of a volatile solvent short-
ens the evaporation time. To prevent the containers from flipping over

Figure 5-3. Ground sampling layout (not to scale).
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with the wind, small steel weights were placed inside. After a test, the con-
tents of all containers from a single line (by distance from the weapon)
were placed in a plastic pail. The containers then were carefully washed
with acetone and wiped with paper towels that were also placed in the
plastic pails. The choice of paper towel is important, because some of them
are loaded with small black particles that become suspended in the collec-
tion solvent, and that obstruct the filter in the subsequent processing of
the sample. For the purpose of this study, Scott-brand paper towel was
adequate. Preliminary trials done with paper towel spiked with the com-
plete suite of explosive residues from SW846 EPA method 8330b indi-
cated that no significant loss of NG and 2,4-DNT was observed during the
processing of the sample, from the tray to the HPLC vial. The containers
were placed back on the ground ready for the next test.

Air Sampling

Three air sampling trials were done, one with each of the most commonly
used calibers (9 mm, 7.62 mm, and 5.56 mm), fired with the Browning pis-
tol, the C6 machine gun, and the C7 automatic rifle, respectively. As usual,
the 7.62-mm link rounds came in sequence of one tracer (C19) every four
balls (C21). Propellants are the same for both rounds, but the total amount
in the C19 is lower (Table 5-3). A high number of rounds were fired for
each sampling event in order to account for the anticipated low concentra-
tion of emitted gases and particles. Details of each trial are given in Table

5-5.
Table 5-5. Weapons and ammunition used for air sampling
with the respective duration of sampling and firing.
Duration Duration
of the of the
Number sampling firing only
Weapon Ammunition of rounds (min) (min)
Browning pistol 9-mm MK1 ball 500 120 90
7.62-mm Link
Machine gun C6 C21/C19 ball 880 100 58
Automatic rifle C7 | 5.56-mm C77 ball 450 60 19

The collection of particles was done using low-flow pumps equipped with
air-monitoring cassettes. The pumps for particle and gas collection were
placed in a box near the gun as shown on Figure 5-4 to facilitate their
transport. The tubes were directed to strategic positions according to the
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gun used. In the case of Browning pistol, as shown on Figure 5-5, one
sampling kit is close to the muzzle of the gun, and another one is behind
the gun near the upper receiver or the cocking handle. In the case of the
C6 machine gun and C7 automatic rifle, an enclosure bag was placed over
the gun in order to minimize the gas and particle dispersion and maximize
their collection, as shown on Figure 5-6 and Figure 5-8. One sampling kit
was placed close to the muzzle of the guns and another kit was placed in-
side the enclosure bag close to the upper receiver, as shown on Figure

5-7 and Figure 5-9. Sampling was made as close as possible to the gun to
minimize dilution of the combustion products. Temperature during the
trials was between 10°C and 14°C and wind was very low or even absent.
This setup was used to try to optimize the sample collection. The inlets of
the sampling material were not placed in the breathing zone of the military
personnel and sampling was not done according to the standard proce-
dures for exposure assessment, thus it has to be noted that the concentra-
tion of particulate matter and of gases determined in this study is thus not
representative of the exposure of the military personnel.

Figure 5-4. Sampling setup for Browning pistol.
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Figure 5-5. Browning pistol surrounded by air-monitoring cassettes and sorbent tubes.

Figure 5-6. C6 machine gun with weapon enclosure bag and sampling tubes installed.
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Figure 5-7. Close view inside the weapon enclosure bag on the C6 machine gun.

Figure 5-8. C7 Automatic rifle with weapon enclosure bag and sampling tubes installed.



ERDC TR-08-1 5-19

Figure 5-9. Close view inside the weapon enclosure bag on the C7 automatic rifle.

The pumps were operating continuously during the test. They were turned
on before the beginning of the firing for obvious safety reasons and in or-
der to attain a regular pumping speed. They were stopped after the last
round, once the setup was secured. This explains the reason for the differ-
ence between the total firing duration and the sampling duration in Table
5-4.

Particulates Samples

Total particulates were collected using a method derived from NIOSH
(National Institute for Occupational Safety and Health) method 0500
(1994). The suggested air-monitoring filter was replaced by three-piece
air-monitoring cassettes, 37 mm, assembled with a 0.8-um GN-4 Metricel
membrane (PALL Life Science). The air pumps (SKC 224-PCXR8) were
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adjusted with a flow calibrator (Primary flow calibrator with bubble gen-
erator/standard flow cell, Gilan Instrument Corp. USA) with a representa-
tive sampler in line, prior to and after sampling. The cassette is connected
to the pump with Tygon tubing (internal diameter ¥ inch). The air flow
was calibrated at 4 L/min.

Gas Samples

Based on previous work (US EPA 2006a, Quémerais et al. 2007), some
target gaseous compounds were chosen for sampling during the live firing
of the weapons. These compounds are polycyclic aromatic hydrocarbons
(PAHS), total cyanides (CN), 2,4-dinitrotoluene (2,4-DNT), the BTEX suite
(benzene, ethylbenzene, toluene, and o-, m- and p-xylene), aldehydes
(Ald), and nitric acid (NO3). Gaseous NG was not added to the list of gases
analyzed because a limited amount of tubes were available and even
though the same kind of tubes (Tenax) can be used for both 2,4-DNT and
NG, the extraction procedure is different. The gases were collected using
sorbent tubes or bubbler, as described in Table 5-6, along with the details
for particle sampling. The air flow in the media was controlled by sampling
pumps (SKC 224-PCXRS8, Gilan Gilair 5 and Gilan LFS-113DC) calibrated
using a primary flow calibrator with bubble generator/standard flow cell
(Gilan Instrument Corp. USA) before and after sampling, thus giving a
mean flow. Standard sampling conditions are described in the Substance
Records from the Workplace Air Contaminant Sampling Guide of the
Institut de recherche Robert-Sauveé en santeé et en sécurité du travail
(IRSST), except for 2,4-DNT, which was sampled according to modified
OSHA method 44 (OSHA 2007, Bishop et al. 1981).

Table 5-6. Collection media for gases and particles sampling.

Target flow
Parameter Symbol (mL/min) Collection media
Polycyclic aromatic Glass fiber filter and porous polymer tube
hydrocarbons PAHs 2000 (Supelpack 20P/0Orbo 42)
Total cyanides CN 1500 KOH 0.1N bubbler
2,4-dinitrotoluene 2,4-DNT 1000 Tenax tube (SKC 226-35-03)
Benzene, ethylbenzene, Activated coconut charcoal tube
toluene, xylene (o, m, p) BTEX 200 (ST226-01)
2-(hydroxymethyl)piperidine on Supelpack
Aldehydes Ald 100 20N (Orbo 23)
Nitrates NOs3 500 Activated silica gel (SKC 226-10-03)
Metricel membrane monitoring cassettes,
Particulate matter PM 4000 0.8 um
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Sample Nomenclature

All the adsorbent tubes and cassettes were numbered as shown in Table 5-
7. The term [Compound] stands for either PAH, CN, DNT, BTEX, Ald, or
NOs. For example, in the case of the Browning pistol, the sampling tube
for PAHs placed at the muzzle of the gun was identified [PAH]1. The moni-
toring cassettes for particulate matter sampling were identified with the
PM abbreviation.

Table 5-7. Nomenclature of the samples and position according to the weapon.

Sample identification

Weapon/ammunition Gaseous compounds Particles Position
. . [Compound] 1 PM 9 Gun muzzle
Browning pistol/9-mm MK1 ball -
[Compound] 2 PM 10 Upper receiver
C6 Machine gun/7.62-mm C21/C19 [Compound] 3 PM 11 Gun muzzle
(4 ball - 11tr) [Compound] 4 PM 12 Upper receiver
o [Compound] 5 PM 13 Gun muzzle
C7 Automatic rifle/5.56-mm C77 ball :
[Compound] 6 PM 14 Upper receiver

Sample Processing and Analysis
Ground Samples

All ground samples (samples from tray, including towel wipes) contained
in 3.8-L HDPE pails (IPL, St-Damien, Qc, Canada) were stored in the lab,
except those suspected to contain 2,4-DNT, which were kept in a refriger-
ated room at 4°C as prescribed for conservation of energetic material sam-
ples (Thiboutot et al. 2003). The pails were opened and inspected in the
next few days, in order to make sure that enough solvent was present in-
side. If the amount of solvent was not sufficient to cover the contents of
the pail, acetone was added until all the paper towels were soaked. The
samples were then put in batch on an orbital shaker (VWR DS2-500-1,
Mississauga, On, Canada) for a minimum period of 15 hours; this duration
was chosen from results of preliminary trials done with spiked paper tow-
els. This step was important in the homogenization of the samples before
treating them manually. Figure 5-10 shows how the pails were installed on
the orbital shaker.
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Figure 5-10. Homogenization of pail content on an orbital shaker.

Once the samples had reached homogenization, each pail was opened in
order to remove the paper towels and any other large debris found inside.
The paper towels were removed individually with tweezers and pressed
through a 60-mL syringe, so that a maximum amount of solvent could be
returned to the pail. After removal of the debris, the pails were then left
open and placed in batch under a fume hood at room temperature to allow
a slow evaporation of the solvent. Figure 5-11 gives an overview of the
setup of pails for evaporation.
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Figure 5-11. Evaporation of pail content.

After the complete evaporation of the solvent, the samples were treated
individually using the following sequence:

1. Rinse with two volumes of acetonitrile. This step consisted in extract-
ing the particles from the pail a first time with a volume of 50 mL of ace-
tonitrile, and a second time with the same volume or less, depending on
the amount of particles left inside the pail after the first rinse. The con-
tents of the pail were removed using a brush and poured along with the
acetonitrile into a large syringe fitted with a 0.45-um Acrodisc filter.

2. Filtration of the sample. During this step, the acetonitrile was pressed
through the syringe so that nitrocellulose or any remaining debris present
in the sample could be filtered onto a 0.45-pum filter disc. The filtrate was
transferred into a vial. Note that for some samples, more than one filter
was used; this led to a small loss of solvent in each filter. The volume of
solvent in the vial was obtained by weighing the vial with and without
solvent.
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3. Evaporation of the sample. The solution in the vial was composed of
about 100 mL of acetonitrile containing NG, DNT, and any other solutes
(including nitrocellulose [NC]) that passed through the 0.45-pum filter. To
lower the detection limit, the samples were pre-concentrated in a Zymark
gas-directed evaporator (model TurboVap LV) at 33°C under a nitrogen
flow at a pressure of 12 psi until a volume of 10 mL or less was left inside
the vial. This operation allows quantifying the concentrations of residues
that are near detection limits and that could only be reported otherwise as
“traces” or “below detection limits.” In-house studies of this process con-
ducted on 26 multi-contaminated soil samples analyzed in duplicate indi-
cate that no loss of residues occurs during evaporation. The mean %RSD
was calculated as the ratio of standard deviation divided by the mean be-
tween the with- and without-Zymark concentrations. Results show that a
variation of the measured concentrations with and without Zymark was
observed, leading to an uncertainty of 15% (mean %RSD) for NG and 12%
for 2,4-DNT. The use of the Zymark evaporator allowed the quantification
of gun propellant residues below the usual detection limits for two samples
out of 52 for NG and 37 samples out of 52 for 2,4-DNT (unpublished re-
sults).

4. Transfer into a preparation bottle. The contents of the Zymark vial
were transferred into a 25-mL clear glass preparation bottle. If necessary,
a minimal volume of acetonitrile (1—-3 mL) was used in order to rinse the
vial. The final volume was determined by weighing the vial.

5. Dilution and transfer into an analysis vial. A volume of 0.7 mL was ex-
tracted from the preparation bottle and diluted with the same volume of a
CaCl,/H,0 solution. This method was used to prevent a large concentra-
tion of any residual NC swollen particles before sending the vial to the
HPLC.

6. HPLC analysis. The vials were sent to the HPLC for analysis using an
in-house method derived from current EPA analysis methods (US EPA
SW846 method 8330b). The parameters analyzed include NG for all sam-
ples and 2,4-DNT in samples coming from single-base propellant.

Gas Samples

After sampling, the tubes and cassettes were closed and kept in the dark in
a cooler at 4°C. Back in the lab, the tubes were sent for analysis to IRSST.
The analytical methods and minimum reported values are presented in
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Appendix 5-C. PAHs and Ald were analyzed by gas chromatography—mass
spectrometry, BTEX by gas chromatography with a flame ionization detec-
tor, CN by specific electrode, and nitrates (NO3) by ion chromatography—
conductivity detector. 2,4-DNT was analyzed by gas chromatography with
an electron capture detector.

Particulate Samples
Scanning Electron Microscopy (SEM)

Particle size distribution, morphology, and chemical composition were
studied by scanning electron microscopy (SEM). The JEOL JSM-840A
microscope is equipped with a NORAN energy dispersive X-ray spec-
trometer. A portion of the monitoring filters and of the substrates of the
cascade impactor was cut as shown in Figure 5-12, deposited on a copper/
zinc alloy holder, and held in place by using double-sided adhesive tape. A
layer of palladium—gold was deposited to increase the conductivity of the
sample. In the case of the monitoring cassettes filters, it was determined
during the analysis of the filters used during a previous trial with 105-mm
howitzers (Poulin and Diaz 2007) that the deposition of the particles on
the filters of the monitoring cassettes was uniform, so the micrographs
could be taken at any position. Figure 5-13 shows a clean monitoring cas-
sette filter at a magnification of 5000x. It is possible to observe a structure
characterized by a three-dimensional network of disorganized fibers with
their ending looking like a small bubble. The manufacturer ensures an ef-
fective pore diameter of 0.8 um.

Figure 5-12. Portion of the filters used for SEM analyses.
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Figure 5-13. Micrograph of a blank monitoring cassette filter at a 5000x magnification.

In SEM, two imaging modes were used to study the collected particles:

the secondary electron imaging mode (SE) and the backscattered electron
imaging mode (BEI). Unless otherwise noted, the micrographs presented
in this report were obtained using the SE mode. These pictures have a
three-dimensional appearance; the microscope produces an image of the
topography of the sample. The BEI yields an image that relates brightness
to composition. The image is obtained from the probe electrons used to
bombard the sample in the SEM. A proportion of these primary electrons
will undergo a number of collisions within the sample to subsequently re-
emerge at the surface. The number of these backscattered electrons is con-
trolled by the number of collisions that take place, which is in turn con-
trolled by the (mean) atomic number of the element(s) composing the
sample. The greater the atomic number of the sample contents, the greater
the backscattered electron yield (heavier elements produce more backscat-
tering events). Therefore, the image obtained from the collected backscat-
tered electrons is an atomic number contrast image, heavier atoms giving
clear gray to white color. The BEI can be considered to reflect variations in
density between the sample components.

The energy dispersive X-ray spectrometer coupled to the microscope
allows the qualitative determination of the chemical composition of the



ERDC TR-08-1 5-27

sample. During the energy dispersive X-ray analysis (EDX), the electron
beam (15 keV) strikes a very small surface of the conducting sample. This
causes X-rays to be emitted from the material. The material under exami-
nation gives a spectrum, an example being shown in Figure 5-14. Each
element gives a signal at a characteristic energy (x-axis). Signals are ob-
tained for elements ranging from C to U, the energy of N being absorbed
by a window in the microscope. No information on the oxidation state of
the element is obtained. It is not possible to determine, for example, if the
carbon present on the filter is organic or inorganic. The y-axis cannot be
used to directly quantitate the elements present; the X-ray signals give
only qualitative information about the chemical composition. As the sam-
ple is coated with a layer of Pd-Au, it is normal to detect the characteristic
X-rays of these elements in the spectrum. In Figure 5-14, the material un-
der examination is made of Pb, C, O, and Cu. As all the spectra are similar,
only the list of the elements present will be given in the result section. The
spectra are given in Appendix 5-D for consultation. At best, this method
can be considered as semi-quantitative.

Figure 5-14. Typical EDX spectrum of particulate matter analysis.
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Results

Ground Samples

This section describes the results for ground sample dispersion and mass
of residues deposited per round. An example of detailed calculations is
given in Appendix 5-B. Calculations are based on the assumption that
100% of the residues collected were contained within the sampled area.
The dispersion of NG per caliber is shown in Figures 5-15 to Figure 5-19;
to ease reading, NG concentrations are reported in mg per 1000 rounds,
per area sampled (e.g., per line). When duplicates and triplicates were
made, they are reported with the same name of ammunition/weapon, fol-
lowed by #2 or #3, depending on the case. Table 5-B1 in Appendix 5-B re-
ports the total amount of unburned residues per round and the percentage
of unburned NG in the propellant for each trial. Table 5-8 gives a summary
for each ammunition/weapon. For most of the trials, a complete round
(intact cartridge and projectile) was saved and the initial mass of propel-
lant per round was measured. The concentration of NG and 2,4-DNT in
each round was evaluated using EPA SW846 Method 8330b (2006b). Re-
sults are given in Table 5-3. This procedure is more precise than trying to
rely on manufacturers’ data, which are often hard to find, inaccurate, or
imprecise. For link rounds, the propellant is usually the same for the ball
and for the tracer, but the quantity of propellant in the tracer is slightly
lower. This has not been taken into account in the calculation of burning
efficiency, also because only one tracer was used for every four balls.

9 mm

A total of five trials was done with 9-mm rounds: three with the MK1/
Browning, one with the Luger/Sig Sauer, and one with the frangible/

Sig Sauer. The same double-base propellant (WPR 289) was used for the
MK1 and Luger, but the primer was different, the Luger using a lead-free
primer. The frangible round contained a different propellant (PCL 2585)
and a lead-free primer. Results shown in Figure 5-15 indicate that most of
the contamination is contained in the first 5 m in front of the weapon. All
three trials done with the Browning show a similar dispersion pattern. The
two trials with the Sig Sauer also show a similar dispersion pattern, which
is, however, different from the Browning’s. Of the three trials done with
the MK1, #1 and #2 lead to a higher amount of NG per round than #3
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(Table 5-B1 in Appendix 5-B). This is probably the result of the wind that
was blowing from southeast at an average speed of 14 km/h for the first
two trials done on the same day, while the third one was done with a
southwest wind of 29 km/h. Since the wind was roughly parallel to the
firing direction and blowing toward the gun during #3, more particles are
likely to have been blown at a shorter distance from the muzzle of the gun
or even behind the gun.

Figure 5-15. Dispersion of NG on the ground for the 9-mm caliber after 1000 rounds.
#1, #2, and #3 are triplicates of Ball MK1/Browning.

The residues per load (Table 5-8) for the MK1 (1.39%) and the frangible
round (1.97%) are very similar, but much lower than the Luger’s (3.90%).
However, since the trial with the frangible round was done on a windy day
(southwest, 31 km/h), care has to be exercised when comparing the re-
sults, because the burning efficiency of the frangible round could actually
be lower than the one calculated. From these results, it is hard to say
whether the higher dispersion of NG with the Luger and potentially the
frangible is due to the type of weapon or the lead-free primer. Indeed, the
shorter barrel length of the Sig Sauer (98 vs. 124 mm) could play a role in
the burning efficiency of the gun propellant. More trials would be needed
to verify those results.
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Figure 5-16. Dispersion of NG on the ground for the 7.62-mm caliber
after 1000 rounds. #1 and #2 are duplicates.

7.62 mm

A total of four trials was performed with the 7.62 mm using a C6 machine
gun: two with the C21/C19 4-ball/1-tracer, and two with the C24 blank.
Dispersion results for all trials are shown in Figure 5-16. Residues for the
C21 ball were detected up to 12 m in front of the gun, but most of them
were dispersed within the first 8 m. Unexpectedly, residues of NG and 2,4-
DNT were detected on the ground after the firing event. The mean amount
of dispersed NG per round was 0.98 mg (1.36% of unburned NG [Table 5-
8]). No explanation was found for the presence of a small amount of 2,4-
DNT (0.031 mg/round) that is usually not present in double-base propel-
lant. One hypothesis is that DNT was used as a coating agent, as for the
C77 5.56 mm. Another possibility is that the propellant for the tracer

and the ball was not the same. Unfortunately, at the time this report was
written, the trial with 7.62 mm was the only one for which no bullet was
spared for a subsequent analysis in the laboratory. This was corrected

and additional results will be available in an upcoming DRDC report. Con-
tamination of aluminum trays from previous trials does not seem possible.
Previous trials were with 9-mm caliber and 2,4-DNT was never detected.
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The firing of C24 blanks gave roughly a similar dispersion pattern, but a
lower amount of dispersed NG (0.16 mg per round). Again, the burning
efficiency was not calculated, this time because of the unavailability of data
for the gun propellant composition. The wind was blowing in a direction
that was perpendicular to the firing direction for all trials (east, 15 km/h).

Figure 5-17. Dispersion of NG on the ground for the 5.56-mm caliber
after 1000 rounds. #1 and #2 are duplicates.

5.56 mm

Figure 5-17 shows the dispersion patterns for the nine trials were done
with the 5.56 mm: five with C77 ball (two with the C7 rifle, two with the C8
rifle, and one with the C9 machine gun), three with C79 blanks (with C7,
C8, and C9), and a frangible round with C7. All C77 balls contained the
same amount of double-base propellant (PRB SS 109); this allowed us to
investigate the effect of the barrel length on the dispersion of residues.
From Figure 5-17, it can be seen that most of the residues are detected
within the first 8 m from the gun for the C77 ball fired with the rifle C7 and
the machine gun C9, as well as for the frangible fired with the C7. For all
the blanks and the C77 ball fired with the rifle C8, residues were not de-
tected beyond 4 m from the firing point. For all trials, the wind was blow-
ing from the southwest or the south at an average speed of 23 km/h; the
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only exceptions were for the frangible round trial (southwest, 31 km/h)
and the C77/C7 trials (east, 22 km/h). As a southwest wind blows toward
the muzzle of the gun, its potential effect would be to shorten the distance
at which particles are dispersed in front of the gun. The east wind would,
however, carry along the particles on the right side of the sampling area.

With 1.06 mg NG dispersed per round (0.62% of unburned NG (Table
5-8), the most contaminating 5.56 mm is definitely the frangible round.
Given the similar result obtained for the 9-mm frangible round, more tri-
als should be undertaken to verify the effectiveness of the lead-free primer.

Table 5-8. NG residues per ammunition/weapon.

NG/round

Caliber Weapon Round Propellant type mg %
Browning pistol MK1 ball WPR 289 0.74 1.39
9 mm Sig Sauer Frangible PCL 2595 0.95 1.97
Sig Sauer Luger 115 FMJ ball WPR 289 2.03 3.90

C21/C19 ball link

7.62 mm C6 Machine gun (4-ball/1-tracer) CMR 100 0.98 1.36

C6 Machine gun C24 blank Unique no. 20 0.16 na
C7 Automatic rifle Frangible WC 747 1.06 0.62
C7 Automatic rifle C77 ball clip PRB SS 109 0.30 0.19
C7 Automatic rifle C79A1 blank clip 0.02 0.05
5.56 mm C8 Automatic carbine C77 ball clip PRB SS 109 0.07 0.04
C8 Automatic carbine C79A1 blank clip 0.02 0.06

C77/C78 link
C9 Light machine gun (4-ball/1-tracer) PRB SS 109 0.05 0.03
C9 Light machine gun C79A1 blank clip XPRO-11GO 0.01 0.01
M2/M17 link
50 cal Browning machine gun (4-ball/1-tracer) WC 860 0.25 0.02
AAA750 Hodgdon

McMillan rifle H50BMG 0.27 0.02
.338 cal Sniper rifle (Timberwolf) Match B406 RP15/LAPUA 0.03 0.001

na: Not available

High contamination was also obtained from the C77 ball fired with the C7,
for which were dispersed 0.30 mg NG/round (0.19% of unburned NG).
For all the other trials, a maximum of 0.09 mg NG per round, or 0.6% of
the initial amount of propellant in the round, was obtained (Table 5-Bl in
Appendix 5-B). The amount of dispersed NG per round for blanks is gen-
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erally lower than those of balls, but since the amount of initial gun propel-
lant in blanks is also lower, the burning efficiency is similar. The precision
of the results did not allow us to investigate the effect of the barrel length
(530 mm for C7 and C9, and 400 mm for C8) on the burning efficiency.
The wind, which was generally blowing at the same average speed for most
of the trials, but in different directions (toward the gun for C7 and perpen-
dicular to the firing direction for C8), could be at the origin of the differ-
ence of deposited NG residues observed between C7 and C8.

.50 cal

Three trials were conducted with .50 cal, two using the Browning heavy
machine gun and the third using the McMillan sniper rifle. The dispersion
patterns for NG are shown in Figure 5-18. Most of the residues are found
up to 5 min front of the gun and nothing is detected beyond 10 m. The
dispersion patterns are similar for the three trials, as well as the amount
of dispersed NG per round (0.25—0.27 mg/round, 0.02% of unburned NG
per round). This level of contamination is similar to that of the 5.56-mm
C77 ball fired with C7 rifle, but lower than that of the 9-mm and 7.62-mm
ball fired with C6. For all trials, the average wind speed was 30 km/h;
wind was blowing from the southeast or southwest, potentially shortening
the distance at which particles were dispersed in front of the gun.

.338 cal

For many years, the Canadian Forces used the .50 cal as their current
sniper rifle. However, since the battle context has evolved, a more compact
weapon, capable of achieving greater round velocities, was necessary. The
Canadian Forces recently adopted the .338-cal Timberwolf as their new
sniper rifle. The only trial made shows that residues are found up to 10 m
in front of the gun (Fig. 5-19). The amount of dispersed NG per round was
0.03 mg/round (0.001% of unburned NG). Winds were blowing from the
southeast at an average speed of 30 km/h during the experiment.
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Figure 5-18. Dispersion of NG on the ground for the .50 cal
after 1000 rounds. #1 and #2 are duplicates.
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Figure 5-19. Dispersion of NG on the ground for the .338 cal after 1000 rounds.
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Gas Samples

The concentrations of most of the targeted gaseous compounds (PAHS,
BTEX, CN, NO3, and Ald) for each sample collected at the muzzle and the
upper receiver of the gun were below the minimum reported value (see
Appendix 5-C). Positive results are reported in Table 5-9.

Table 5-9. Gas analysis of air samples collected at the muzzle and the upper receiver of the guns.

Concentration
Weapon/ammunition Position Compound detected (mg/m3)
Browning pistol muzzle of the gun nd nd
9-mm MK1 ball upper receiver nd nd
Total cyanide 0.13
muzzle of the gun Acroleine 0.002
C6 Machine gun 2,4-DNT 6 x10°
7.62-mm C21/C19 ball Total cyanide 0.89
upper receiver Benzene 0.11
Acroleine 0.004
muzzle of the gun nd nd
C7 Automatic rifle C7 5.56-mm Total cyanide 2.4
C77/C78 ball upper receiver Acetaldehyde 0.035
Acroleine 0.023

nd: Not detected

No contaminants were detected in the air samples collected during the
firing of the 500 MK1 9-mm rounds fired with the Browning pistol. It is
believed that the non-detection of the target contaminants in the plume
does not mean that these compounds are not present at all. One hypothe-
sis is that even though the number of rounds fired is similar to those of the
other weapons (880 rounds for 7.62 mm and 450 rounds for 5.56 mm),
the amount of propellant in the 9-mm rounds is much lower than the
other calibers (according to Table 5-3, 0.42 g of propellant for the 9-mm
MK1 ball, 2.96 g for the 7.62-mm C21/C19 ball, and 1.66 g for the 5.56-mm
C77/C78 ball), thus giving a lower quantity of combustion products. More-
over, the use of a weapon enclosure bag for the other two trials is more
likely to have optimized the sample collection, by reducing the dilution

of the plume with the ambient air. The use of an enclosure bag is recom-

mended for the next trial.

In the case of the firing of the 880 rounds of caliber 7.62 mm (C21/C19)
with the C6 machine gun, CN was detected both at the muzzle of the gun
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(0.13 mg/m3) and at the upper receiver (0.89 mg/m3). Considering the
volume of air sampled, this corresponds to a mass of 0.02 and 0.14 mg of
cyanide collected. Acroleine was also detected at both positions, 2 pg/ms3
(0.04 pg) at the muzzle of the gun and 4 ug/m3 (0.04 pg) at the upper re-
ceiver. Benzene was detected at a concentration of 0.11 mg/m3 (0.002 mg)
at the upper receiver. 2,4-DNT was detected in the plume at the muzzle of
the gun at a concentration of 0.006 pg/m3. The presence of 2,4-DNT in the
plume is logical since it was experimentally measured at 0.1% in the pro-
pellant of the C21 balls, but not in the other rounds (9 mm or 5.56 mm).
We were not able to determine if 2,4-DNT collected by the sorbent tubes
was in the gaseous or solid phase.

The air sample taken during firing of the 450 rounds of the 5.56-mm C77
ball with the C7 automatic rifle was found to have concentrations of the
target compounds below the minimum reported value. At the upper re-
ceiver, CN was detected at 2.4 mg/m3 (0.22 mg), acetaldehyde at 35 pg/ms3
(0.21 pg), and acroleine at 23 pg/ms (0.14 pg). Again, as stated previously,
all the concentrations reported for all the weapons/ammunition are not
representative of the soldiers’ exposure since the sample collection was not
made in the breathing zone. The presence of the enclosure bag for two out
of three trials seems to have an important influence on the collection effi-
ciency. Its use for further trials is recommended. The assessment of mili-
tary personnel exposure to diverse contaminants does not fall within the
competence of DRDC Valcartier, so it is recommended that specialists in
occupational health investigate the exposure during this type of activity.

Particulate Samples

Monitoring cassettes were inspected visually to make a qualitative evalua-
tion of the particles collection. As seen in Figure 5-20a, after firing 500
rounds of 9-mm MK1 ball with the Browning pistol, the monitoring cas-
settes have a very different appearance, depending on whether they were
positioned at the gun muzzle (#9) or at the upper receiver (#10). The cas-
sette at the gun muzzle is light grey, while the cassette at the upper re-
ceiver is still white. Obviously, the number of particles collected at the
muzzle is higher.

Figure 5-20 b and ¢ show the monitoring cassettes after the firing of 7.62-

mm C21/C19 rounds with the C6 machine gun and of 5.56-mm C77 rounds
with the C7 automatic rifle, respectively. In both cases, the number of par-
ticles is higher at the upper receiver (#12, 14) than at the muzzle of the gun
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(#11, 13). The presence of the enclosure bag is certainly the cause of this
efficient collection of particles. This reinforces the hypothesis stated previ-
ously about the more important dilution of the plume for the 9-mm pistol
as compared with the two other weapons that used the enclosure bag. Be-
cause of the lower amount of propellant for the 9-mm rounds, the amount
of combustion products is also lower.

a. After sampling 500 rounds of 9-mm MK1 ball with the Browning pistol.

b. After sampling 880 rounds of 7.62-mm C21/C19 ball with the C6 machine gun.

c. After sampling 450 rounds of 5.56-mm C77 ball with the C7 automatic rifle.

Figure 5-20. Monitoring cassettes (left: muzzle of the gun, right: upper receiver).
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Scanning Electron Microscopy

All the filters from the monitoring cassettes located at the muzzle and at
the upper receiver of the gun were analyzed by SEM. The results are re-
ported in the following section, per type of caliber/weapon. Table 5-10
shows a summary of the results.

Browning Pistol, 9-mm MK1 Ball

The micrographs in Figure 5-21a and b show that the two imaging modes,
SE and BEI, gave different, but complementary, information. Larger parti-
cles (size between 3 and 10 um) appear clearly in the SE mode (Fig. 5-21a),
while smaller particles (size smaller than 3 um) appear more clearly in the
BEI mode. This can be explained by the different chemical composition of
the particles. In the BEI mode, the particles with a composition of heavier
elements are whiter, thus giving a better contrast with the background
(composed mainly of carbon). The EDX spectrum showed that larger par-
ticles are composed mainly of carbon, with a lower concentration of lead
(spectra in Figure 5-D1, Appendix 5-D). Their morphology is irregular and
fractured. They are believed to be soot.

Smaller particles are almost exclusively composed of lead (EDX spectrum
in Figure 5-D2, Appendix 5-D). As it can be seen in the enlargement in
Figure 5-21c, the size of the majority of particles composed of lead is
smaller than 1 um and their morphology is almost spherical. They are
more likely produced by melted and then solidified metal.

Filter #10, placed at the upper receiver, was also analyzed by SEM. As for
the muzzle of the gun, the BEI imaging mode was again a better option to
observe the particles. The micrograph in Figure 5-22 showed that the par-
ticles are almost exclusively of diameter < 1 um. Their chemical composi-
tion is mainly lead, like the particles observed in the filter placed at the
muzzle of the gun.

As observed earlier (Fig. 5-20), the concentration of particles collected on
the filters was higher at the muzzle of the gun than at the upper receiver. It
is impossible at this moment to determine if this is the result of the sam-
pling conditions or a true observation. The main differences observed in
the particulate matter collected at the muzzle of the gun and at the upper
receiver are that large particles (3—10 um) are found only at the muzzle.
These particles composed of C are suspected to be soot.
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Table 5-10. Comparison of particulate matter collected with monitoring cassettes

for different weapons/ammunitions.

Gun/ammunition

Sampling position

Muzzle of the gun

Upper receiver

Browning pistol, 9-mm MK1 ball

Majority

Small particles (< 3 ym, majority < 1 ym)
Composition: Pb

Morphology: spherical

Hypothesis: molten, then solidified metal,
Pb origin: primer

Majority

Small particles (< 1um)
Composition: Pb
Morphology: spherical

Hypothesis: molten, then solidified metal,
Pb origin: primer

Minority

Large particles (3-10 pm)
Composition: C and Pb
Morphology: irregular and fractured
Hypothesis: soot

Machine gun C6, 7.62-mm C21 ball
(weapon enclosure bag)

Majority

Small particles (100 nm-3 pm)
Composition: Cu (+ Sr and Pb in lesser
concentration)

Morphology: spherical

Hypothesis: molten, then solidified metal,
Cu origin: erosion of the cartridge inside
the gun, Sr origin: tracer composition

Majority

Small particles (< 1 ym)

Morphology: spherical

Composition: Pb (+Sb, Cu, Ca, K, C, and O
in lesser concentration)

Hypothesis: Sb and Pb origin: priming
composition (Type C), Cu origin: erosion
of the cartridge inside the gun, K origin:
propellant

Minority

Large particles (5 um)
Composition: C and O
Morphology: flaky and irregular
Hypothesis: soot

Minority
Large particles (1-5 pm)
Morphology: flaky and irregular

Automatic rifle C7, 5.56-mm C77 ball
(weapon enclosure bag)

Majority

Small particles (< 5 ym, mostly < 1 um)
Composition: Cu (+Al, Ba, Sh, and S) m
Morphology: spherical

Hypothesis: origin: Cu: erosion of the
cartridge case inside the barrel of the gun

Majority

Small particles (< 0.5 pm)

Morphology: spherical

Composition: Pb, Sb and Cu Al, Sb, Ba, S

Hypothesis: condensation of vaporized
metal. Cu: erosion of the cartridge case
inside the barrel of the gun

Minority

Large particles: > 5 ym
Morphology: irregular
Composition: C and O

Minority

Large particles: 5-10 ym

Morphology: fractured, irregular and flaky
Composition: C and O

Hypothesis: soot

Aggregates: > 3 um
Morphology: irregular fluffy and
condensed particles

Composition: Cu, Ca, S, O, and C
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Figure 5-21. Micrographs of particles collected on monitoring filter #9 (muzzle, 9-mm balls).
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Figure 5-22. Micrograph of particles collected
on monitoring filter #10 (upper receiver, -mm balls) (BEI 4000x).

C6 Machine Gun, 7.62-mm C21/C19 Ball Link

The filters inside the monitoring cassettes placed both at the muzzle of the
gun and at the upper receiver were analyzed after the firing of 880 rounds
of 7.62-mm C21/C19 ball link with the C6 machine gun. The enclosure bag
helped to optimize sample collection. Particle size distribution was from
around 5 pum to 100 nm (value established with Figure 5-23 and other
SEM micrographs not shown here). The larger particles (around 5 pm,

red arrow in Figure 5-23) are flaky and irregular. The chemical composi-
tion of particles having this size and this morphology is mostly C and O,
with traces of Pb and Cu (EDX spectra in Appendix 5-D, Figure 5-D3).
These particles are believed to be soot and the signals of Pb and Cu may
come from the particles below the layer of soot. It is possible to see these
small white particles through the large particle in Figure 5-23. The other
small particles (< 3 um) are composed mainly of Cu (EDX spectra in Ap-
pendix 5-D, Figure 5-D4). Particles having the same color on the BEI mi-
crographs were chosen randomly, and it was found that the particles had
Cu as the major component, but other heavy elements, such as Sr and Pb,
were observed.
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Figure 5-23. Micrograph of particles collected
on monitoring filter #11 (muzzle, 7.62-mm balls) (BEI 4000x).

Particles collected at the upper receiver were all <5 pum, with a majority of
particles <1 um. Figure 5-24a shows a micrograph (4000x magnification)
of the filter, and one can see the same type of morphology for larger parti-
cles as were observed on the filter at the muzzle end: flaky irregular shape.
The BEI micrograph in Figure 5-24b shows that particles < 1 um have a
similar spherical morphology and color (white particles), indicating that
their chemical composition is similar and composed of heavy elements.
The EDX spectrum of randomly chosen particles of size <1 pm showed
that the composition is mainly Pb, with other components such as Sb, Cu,
C, and O. Ca and K were also observed in low concentration. One typical
spectrum is presented in Appendix 5-D, Figure 5-D5.
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Figure 5-24. Micrographs of particles collected
on monitoring filter #12 (upper receiver, 7.62-mm balls).

The elements found in the particulate matter have to come from the
rounds fired. The priming composition of the ball is likely to be Type C
since Sb appeared on the EDX spectra of the PM collected on the filters
and Al does not. Pb is probably coming from the primer and from the foil
in the primer; it was probably vaporized during the firing. The presence of
Cu is attributed to the erosion of the cartridge inside the gun. Cu was not
seen on the PM collected during the firing of the 9-mm balls, even though
the cartridge is made of the same brass alloy. As the 7.62-mm cartridge is
much longer than the 9-mm (71 mm vs. 19.15 mm) and the length of the
barrel is longer in the C6 machine gun, the cartridge stays in contact with
the barrel for a longer time and the surface area is larger. The erosion of
the cartridge is more important and the quantity of Cu released is more
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important. Another factor is that the number of 7.62-mm cartridges is 880
vs. 500 for the 9-mm cartridges. The presence of Sr is due to the firing of
tracer balls. K may come from the propellant.

C7 Automatic Rifle, 5.56-mm C77/C78 Ball

Two monitoring cassettes were used during the firing of 450 rounds of
5.56-mm C77/C78 ball with the C7 automatic rifle. As for the other weap-
ons, one cassette was placed near the muzzle of the gun (#13) and another
was placed near the upper receiver (#14). The weapon enclosure bag was
used to optimize sample collection at the upper receiver.

As expected from Figure 5-20c, the filter at the muzzle end presents a

low number of particles as compared to the other filters. As for the other
weapons, some particles (e.g., particles pointed by the red arrow in Figure
5-25a) are irregular, with a size > 5 um, but this time the morphology does
not seem to be flaky. Smaller particles (< 5 pm) seem to be mostly <1 um
(Fig. 5-25b). Their morphology is spherical and their composition is ex-
pected to be uniform, as they exhibit the same contrast in the EDX spectra.
The randomly chosen particles present chemical composition that varies,
but Cu was always present. Al, Ba, Sb, and S were among the other ele-
ments found in the particles of diameter < 1 um.

The filter in the monitoring cassette placed in the enclosure bag near the
upper receiver was analyzed by SEM. The collection of particles was more
efficient with the enclosure bag and the particle concentration on the filter
was higher, as can be seen by comparing Figure 5-25 and Figure 5-26.
When observing Figure 5-26a and b, one can separate the morphology of
the different particles deposited on the filter into four types: 1) spherical
(almost perfect) particles, 2) fractured, irregular, and flaky particles, 3)
irregular fluffy particles, and 4) aggregates. The size distribution of the
particles seems to be related to the particles’ shape. The spherical particles
are mostly the smaller particles (diameter < 0.5 um). On the EDX spectra,
these particles are white, thus indicating a composition of heavy elements,
mainly Pb, Sb, and Cu. Irregular, fractured, and flaky particles have a
diameter between 5 and 10 um. They are composed of C and O, thus are
probably soot. The two other morphologies are related in the sense that
the irregular fluffy particles (diameter between 1 and 3 pm) seem to have
coalesced to form the large aggregates (diameter up to 10 um). These par-
ticles are composed of many elements: Cu, Ca, S, O, and C.
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Figure 5-25. Micrographs of particles collected
on monitoring filter #13 (muzzle, 5.56-mm balls).
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Figure 5-26. Micrographs of particles collected
on monitoring filter #14 (upper receiver, 5.56-mm balls).



ERDC TR-08-1 5-47

Discussion

The results from ground dispersion of NG show that most of the rounds
and weapons tested deposit a mass of NG below 0.09 mg per rounds or

that the percentage of unburned NG per round is lower than 0.06%. Ex-
ceptions are the following:

e 9-mm rounds, which deposit between 0.74 and 2.13 mg NG/round
(1.39 to 3.90% of unburned NG per round). The dispersion seems to
be worst when the Sig Sauer pistol is used.

e 7.62 mm, both C21/C19 ball link and C24 blank link, fired with the
C6 machine gun, which were found to deposit approximately 0.98
and 0.16 mg NG per round, corresponding to 1.36% and 0.11% of
unburned NG per round, respectively.

e 5.56-mm C77/C78 ball rounds fired with the C7 automatic rifle that
deposit 0.30 mg/round (0.19% of unburned NG per round).

e 5.56-mm frangible round fired with the C7 automatic rifle, which
leads to an amount of 1.06 mg NG/round (0.62% of unburned NG
per round).

The results indicate that 9-mm rounds deposit a larger amount of un-
burned NG on the soil and have a lower burning efficiency. The burning
efficiency seems to increase as the amount of propellant in the round in-
creases, with the exception of 7.62 mm, for which more gun propellant
residues are emitted for both balls and blanks, as compared to 5.56-mm
rounds. Blanks have a burning efficiency similar to balls, but since less
propellant is present, smaller amounts of NG (0.01—-0.02 mg, as compared
to 0.05—0.30 mg) per shot are deposited.

The results also confirm that either the weapon and/or the primer have a
significant effect on the burning efficiency, because very different values
were obtained for the 9 mm fired with the same propellant (WPR 289), but
using different pistols and primers (0.74 and 2.03 mg NG). The results for
the 9-mm and 5.56-mm frangible rounds should be verified in a subse-
guent study, because the contamination associated with those two rounds
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is unusually high. These findings suggest that the lead-free primer may not
be as effective as the traditional formulations to ignite the gun propellant.

The 5.56-mm rounds were fired with the same propellant (PRB SS 109),
but using three weapons with different barrel length (C7, 530 mm; C8,
480 mm; C9, 530 mm); the precision of the results was not high enough
because of the wind. We were not able to see any clear tendency of the ef-
fect of the barrel length or firing mechanism. The .50-cal round has a high
burning efficiency, but because of the larger amount of propellant in the
round, each shot deposited a larger amount of NG (0.25 mg) in the envi-
ronment. And lastly, considering the large amount of propellant in the
Lapua Magnum, the release of NG by the Timberwolf sniper rifle is quite
small (0.03 mg) as compared to the other small arms.

The percentages of unburned NG per round were within an order of
magnitude to those of Walsh et al. (2007), who obtained 1.1% of the

5.56 mm/rifle (as opposed to 0.2—0.6% in this study), 0.56% for the 7.62
mm/machine gun (as opposed to 1.36% in this study), 5.4% for the 9 mm
(vs. 1.39—3.90% in this study) and 0.73% for the .50 cal (vs. 0.02% in this
study). Dispersion patterns for all the rounds are also similar.

A certain number of reasons can be invoked to explain the differences be-
tween the trials of Walsh et al. (2007, Chapter 3, this report) and those of
this study. One of them is certainly the trial setup. Walsh’s trial was con-
ducted on snow, with the weapon located just high enough (approximately
30 cm) from the surface to minimize the effect of the muzzle blast. For our
study, the trial was done in spring, at temperatures approximately 30°C
higher than those of Walsh’s; samples were recovered in aluminum plates
filled with solvent, and weapons were much farther from the ground (1 m).
The effect of the wind, which was more significant during some of our
trials with the 5.56 mm and the .50 cal, cannot be ruled out. Another
important point is that the Canadian and US Forces do not use the same
weapons, and often not the same gun propellants and primers. This could
contribute to significant differences, as shown from our results for the 9
mm fired with Sig Sauer and a lead-free primer (2.03 mg NG, 3.90% of
unburned NG) and the Browning pistol with a traditional primer (0.74 mg
NG, 1.39% of unburned NG per round). Also, the manufacturer’s data are
often imprecise, inaccurate, or hard to obtain; in-house analysis of the gun
propellant used for a given experiment should always be obtained to allow
more accurate estimates of burning efficiencies.
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At first glance, the reported amounts of unburned NG per rounds in both
studies can be seen as low, and the burning efficiency, pretty high. How-
ever, artillery rounds generally have higher burning efficiencies (0.0005
to 0.08% of unburned NG per bullet) than small arms (Walsh et al. 2007,
Chapter 3, this report); the burning efficiency of mortars (1.4 to 3.5% of
unburned NG per round) is either similar or lower than those of small
arms. Moreover, the large number of bullets fired on small arms ranges
has to be taken into account to evaluate the impact on the environment.
For example, in the case of Y Range in Canadian Force Base (CFB) Petaw-
awa, Canada, on which were fired approximately 0.5M 5.56-mm balls per
year since 1996, the calculated amount of NG deposited on the surface of
the soil is 150 g per year. If we make the hypothesis that all the rounds
were fired from the 100-m berm to the 400-m berm in a 75 000-m2 area,
and using a soil density of 1.7 g/cm3, this leads to a concentration of NG on
the top 2 cm of surface soil of 0.06 mg/kg. Reported concentrations on the
100-yard firing berm are three orders of magnitude higher than that (Jen-
kins et al. 2007, Chapter 8, this report), but they tend to decrease after 15
m. Nevertheless, none of the results goes below 0.1 mg/kg up to 40 m in
front of the firing point, and the mean NG concentration is 8.8 mg/kg. If
we use Walsh'’s values of 1.1% per round, and a 1-cm sampling depth in-
stead, the loading rate is 0.7 mg/kg/yr, which is closer to, but still lower
than, the reported concentrations of NG. Of course, other munitions were
also fired in that range, but they amount to less than 4% of the total num-
ber of rounds fired. They include 7.62-mm (1.4%), linked 5.56-mm (1.4%)
or 9-mm (0.3%) rounds. So, the results tend to indicate that NG has a sig-
nificant cumulative effect. Care has to be taken, however, when interpret-
ing these soil surface characterization results, because only 12% of the en-
tire surface was sampled, and no depth sampling was done.

The same calculation was applied to Pistol Range Q in CFB Petawawa. This
time, all the surface of the range was sampled because of its small size
(1250 m?). The calculated loading from the amount of unburned NG per
round using an average of 70,000 9-mm rounds fired each year leads to a
deposit of 52 g NG on the soil each year. However, the estimated loading
from surface soil characterization of the top 2 cm gives an amount of NG
slightly over 1 kg, which corresponds to a 20-year accumulation. This does
not take into account contaminants below soil surface, because no depth
profiling was done in Q Range. So, either the amount of unburned NG per
round is grossly underestimated, or there is a significant cumulative effect
of NG in the environment. Although the amount of NG is certainly slightly
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underestimated, the long persistency of NG is not unexpected, because it
is embedded in a NC matrix, which is insoluble in water and does not de-
grade. NC can thus stay a very long time on the surface of the soil, and is
probably trapping NG (Pennington et al. 2006).

Another discrepancy between soil surface characterization and the results
of this study is worth noting. Indeed, energetic residues were detected up
to 40 m in front of the firing points, while in this study residues do not get
farther than 12 m from the muzzle of the gun. Several hypotheses could
explain this phenomenon. This could be the result of a multi-decade use
that allowed the NG concentrations to build up high enough for detection.
It could also be the result of runoff water carrying particles far from their
gjection point, or be due to dominant wind that could blow in a direction
that is parallel to the firing lanes. The hypothesis of soldiers firing between
berms is considered improbable, because this has not been the usual mili-
tary practice for the last three decades, except for the 100-m berm. Older
military practices are unknown.

The analysis of gases emitted from 9-mm rounds fired with the Browning
Pistol indicate that lead is the main component of the particles smaller
than 1 um (both sampling positions). Even though lead is present in the
bullet, as it is covered with a copper/zinc jacket, it is not believed that it
can liberate any lead while it is propelled. The main source for lead on the
filters is probably the primer: lead is vaporized during the firing and is
condensed shortly afterward in small particles. These particles may be
carried by the winds, spreading lead in areas other than the firing point.
This assumption has to be confirmed by further studies.

Most of the particles collected at the muzzle and the upper receiver of C21/
C19 7.62-mm balls fired with the C6 machine gun are small (<1 um). A
similar situation was observed for the C77 5.56-mm fired with the rifle C7.
In both cases, Cu was the main component at the muzzle, while at the up-
per receiver, it was Pb. This supports the hypothesis that Cu is released by
the erosion of the cartridge inside the barrel. As these particles (created by
the melting then solidification of the metal) are following the trajectory of
the bullet, it is normal that they are ejected mainly at the muzzle of the
gun. The erosion of the cartridge seems to become significant enough so
particles of copper are found for longer barrels (C6 machine gun and C7
automatic rifle). At the upper receiver, particles collected are from the
combustion of the primer.
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Conclusions

In this study, 23 trials were done with 15 different calibers/weapons; many
of them were conducted in duplicate, one was done in triplicate, and three
were air-sampled to measure target gaseous compounds and particulate
matter. The results indicate that up to 2.03 mg NG per round was depos-
ited, depending on the caliber/weapon used. The burning efficiency of
most small arms is better than that of mortars, but worse than that of artil-
lery. Although the amount of dispersed NG per bullet seems low, the large
amount of small caliber ammunition used in military training can lead to
significant accumulation on the surface of the soil, especially since pistol
and rifle ranges are small. The results show that NG accumulates on the
soil surface over years, and probably decades.

To increase the precision in the results, it is recommended that this trial
be reconducted in an indoor facility, or care taken to eliminate as much

as possible wind effect. Because of the short time frame available for this
trial, it was not possible to wait until no wind was present. Frangible am-
munition should be reexamined, and efforts made to find precise informa-
tion about the propellant and the primer of each round. Also, the composi-
tion of each gun propellant should be obtained in the laboratory.

Some target compounds were found in detectable concentrations in gase-
ous emissions for the 7.62-mm and the 5.56-mm rounds, for example cya-
nide and acroleine. The presence of the enclosure bag for two out of three
trials improved the collection efficiency. The majority of the particulate
matter collected using air sampling was of size smaller than 1 um and
made of metal, either lead or copper. Again, the enclosure bag helped in
optimizing the collection. Its use for further trials is thus recommended. It
is important to note that the concentrations reported for all the weapons/
ammunitions are not representative of the soldiers’ exposure since the
sample collection was not made in the breathing zone, and it is believed
that the concentration will be lower in that area since dilution will occur
without the enclosure bag and the effect of any wind present. The assess-
ment of military personnel exposure to diverse contaminants does not fall
within the competence of DRDC Valcartier, so it is recommended that spe-
cialists in occupational health investigate the exposure during these types
of activities.
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Appendix 5-A: Description of Each Trial

Samples were identified using the following convention: SAR (Small Arms
Residues), Test Number (from 1 to 17), Distance from the weapon and/or
special note (being blank, duplicate [DUP], or triplicate [TRI]). For exam-
ple, the sample collected on Test #1 at the 2-m line was identified SAR 1-2.
The blank sample collected during Test #1 was identified SAR 1-Blank.

Table 5-A1. Amount of NG and 2,4-DNT collected in each sampling line.

NG 2,4-DNT

Trial Samples Solvent in trays (mg) (mg/L)
9-mm Mk1 SAR 1-0 Ethanol 6.273 nd
Trial #1 SAR 1-1 Ethanol 9.426 nd
18/04/07 SAR 1-2 Ethanol 15.297 nd
SAR 1-3 Ethanol 8.517 nd
SAR 14 Ethanol 2.792 nd
SAR 1-5 Ethanol 1.336 nd
SAR 1-7.5 Ethanol 0.110 nd
SAR 1-10 Ethanol 0.038 nd
9-mm Mk1 SAR 1-0-DUP Ethanol 1.424 nd
Trial #2 SAR 1-1-DUP Ethanol 7.017 nd
18/04/07 SAR 1-2-DUP Ethanol 11.760 nd
SAR 1-3-DUP Ethanol 9.797 nd
SAR 1-4-DUP Ethanol 4.967 nd
SAR 1-5-DUP Ethanol 1.739 nd
SAR 1-7.5-DUP Ethanol 0.236 nd
SAR 1-10-DUP Ethanol 0.146 nd
SAR 1-DUP-BLANK Ethanol nd nd
9-mm Luger SAR 3-0 Ethanol 10.117 nd
Trial #4 SAR 3-1 Ethanol 17.842 nd
18/04/07 SAR 3-2 Ethanol 22.730 nd
SAR 3-3 Ethanol 6.786 nd
SAR 34 Ethanol 1.523 nd
SAR 3-5 Ethanol 0.364 nd
SAR 3-7.5 Ethanol 0.317 nd
SAR 3-10 Ethanol 0.059 nd

nd: Below HPLC detection limit of 0.1 mg/L




ERDC TR-08-1 5-55
Table 5-A1 (cont’d).
NG 2,4-DNT
Trial Samples Solvent in trays (mg) (mg/L)
7.62-mm C21 SAR 4-0 Ethanol 0.04 nd
Trial #5 SAR 4-1 Ethanol 0.16 nd
19/04/07 SAR 4-2 Ethanol 6.90 0.245
SAR 4-3 Ethanol 21.85 0.686
SAR 4-4 Ethanol 12.02 0.437
SAR 4-5 Ethanol 12.53 0.380
SAR 4-7.5 Ethanol 1.08 0.034
SAR 4-10 Ethanol 0.65 nd
SAR 4-12.5 Ethanol 0.25 nd
SAR 4-BLANK Ethanol 0.05 nd
7.62-mm C21 SAR 4-0-DUP Ethanol 0.09 nd
Trial #6 SAR 4-1-DUP Ethanol 111 nd
19/04/07 SAR 4-2-DUP Ethanol 18.45 0.629
SAR 4-3-DUP Ethanol 24.71 0.739
SAR 4-4-DUP Ethanol 11.60 0.402
SAR 4-5-DUP Ethanol 11.86 0.396
SAR 4-7.5-DUP Ethanol 0.79 0.019
SAR 4-10-DUP Ethanol 0.08 nd
SAR 4-12.5-DUP Ethanol 0.11 nd
7.62-mm blank SAR 5-0 Ethanol/water 95/5 v/v 0.17 nd
Trial #7 SAR 5-1 Ethanol/water 95/5 v/v 1.23 nd
19/04/07 SAR 5-2 Ethanol/water 95/5 v/v 3.00 nd
SAR 5-3 Ethanol/water 95/5 v/v 2.64 nd
SAR 5-4 Ethanol/water 95/5 v/v 1.75 nd
SAR 5-5 Ethanol/water 95/5 v/v 1.02 nd
SAR 5-7.5 Ethanol/water 95/5 v/v 0.13 nd
SAR 5-10 Ethanol/water 95/5 v/v nd nd
SAR 5-12.5 Ethanol/water 95/5 v/v nd nd

nd: Below HPLC detection limit of 0.1 mg/L
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Table 5-A1 (cont’d). Amount of NG and 2,4-DNT collected in each sampling line.
NG 2,4-DNT
Trial Samples Solvent in trays (mg) (mg/L)
7.62-mm blank SAR 5-0-DUP Ethanol/water 95/5 v/v nd nd
Trial #8 SAR 5-1-DUP Ethanol/water 95/5 v/v 0.13 nd
19/04/07 SAR 5-2-DUP Ethanol/water 95/5 v/v 0.26 nd
SAR 5-3-DUP Ethanol/water 95/5 v/v 1.79 nd
SAR 5-4-DUP Ethanol/water 95/5 v/v 1.26 nd
SAR 5-5-DUP Ethanol/water 95/5 v/v 0.79 nd
SAR 5-7.5-DUP Ethanol/water 95/5 v/v 0.64 nd
SAR 5-10-DUP Ethanol/water 95/5 v/v 0.02 nd
SAR 5-12.5-DUP Ethanol/water 95/5 v/v nd nd
5.56-mm C77 SAR 6-0 Ethanol/water 95/5 v/v 0.06 nd
Trial #9 SAR 6-1 Ethanol/water 95/5 v/v 0.19 nd
20/04/07 SAR 6-2 Ethanol/water 95/5 v/v 3.92 nd
SAR 6-3 Ethanol/water 95/5 v/v 2.52 nd
SAR 6-4 Ethanol/water 95/5 v/v 2.08 nd
SAR 6-5 Ethanol/water 95/5 v/v 1.64 nd
SAR 6-7.5 Ethanol/water 95/5 v/v 0.51 nd
SAR 6-10 Ethanol/water 95/5 v/v 0.07 nd
SAR 6-12.5 Ethanol/water 95/5 v/v 0.22 nd
5.56-mm C77 SAR 6-0-DUP Ethanol/water 95/5 v/v 0.07 nd
Trial #10 SAR 6-1-DUP Ethanol/water 95/5 v/v 0.54 nd
20/04/07 SAR 6-2-DUP Ethanol/water 95/5 v/v 3.51 nd
SAR 6-3-DUP Ethanol/water 95/5 v/v 3.93 nd
SAR 6-4-DUP Ethanol/water 95/5 v/v 1.10 nd
SAR 6-5-DUP Ethanol/water 95/5 v/v 0.15 nd
SAR 6-7.5-DUP Ethanol/water 95/5 v/v nd nd
SAR 6-10-DUP Ethanol/water 95/5 v/v nd nd
SAR 6-12.5-DUP Ethanol/water 95/5 v/v nd nd
SAR 6-DUP-BLANK Ethanol/water 95/5 v/v nd nd
5.56-mm blank SAR 7-0 Acetone/water 50/50 0.092 nd
Trial #11 SAR 7-1 Ethanol/water 95/5 v/v 0.044 nd
20/04/07 SAR 7-2 Ethanol/water 95/5 v/v 0.249 nd
SAR 7-3 Acetone/water 50/50 nd nd
SAR 7-4 Acetone/water 50/50 nd nd
SAR 7-5 Acetone/water 50/50 nd nd
SAR 7-7.5 Acetone/water 50/50 nd nd
SAR 7-10 Acetone/water 50/50 nd nd
SAR 7-12.5 Ethanol/water 95/5 v/v nd nd

nd: Below HPLC detection limit of 0.1 mg/L
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Table 5-A1 (cont’d).
NG 2,4-DNT
Trial Samples Solvent in trays (mg) (mg/L)
5.56-mm C77 SAR 8-0 Acetone/water 50/50 0.732 nd
Trial #12 SAR 8-1 Acetone/water 50/50 nd nd
23/04/07 SAR 8-2 Acetone/water 50/50 1.076 nd
SAR 8-3 Acetone/water 50/50 1.273 nd
SAR 8-4 Acetone/water 50/50 0.145 nd
SAR 8-5 Acetone/water 50/50 0.5 nd
SAR 8-7.5 Acetone/water 50/50 nd nd
SAR 8-10 Acetone/water 50/50 nd nd
SAR 8-12.5 Acetone/water 50/50 nd nd
SAR 8-BLANK Acetone/water 50/50 nd nd
5.56-mm C77 SAR 8-0-DUP Acetone/water 50/50 0.526 nd
Trial #13 SAR 8-1-DUP Acetone/water 50/50 0.470 nd
23/04/07 SAR 8-2-DUP Acetone/water 50/50 0.250 nd
SAR 8-3-DUP Acetone/water 50/50 0.037 nd
SAR 8-4-DUP Acetone/water 50/50 0.007 nd
SAR 8-5-DUP Acetone/water 50/50 nd nd
SAR 8-7.5-DUP Acetone/water 50/50 nd nd
SAR 8-10-DUP Acetone/water 50/50 nd nd
SAR 8-12.5-DUP Acetone/water 50/50 nd nd
5.56-mm C79 SAR 9-0 Acetone/water 50/50 0.067 nd
Trial #14 SAR 9-1 Acetone/water 50/50 0.020 nd
23/04/07 SAR 9-2 Water 0.260 nd
SAR 9-3 Water 0.082 nd
SAR 9-4 Water 0.052 nd
SAR 9-5 Water 0.026 nd
SAR 9-7.5 Water 0.005 nd
SAR 9-10 Water 0.007 nd
SAR 9-12.5 Water 0.012 nd
5.56-mm link SAR 10-0 Water 0.772 nd
Trial #15 SAR 10-1 Water 0.169 nd
23/04/07 SAR 10-2 Water 0.250 nd
SAR 10-3 Water 0.000 nd
SAR 10-4 Water 0.041 nd
SAR 10-5 Water 0.054 nd
SAR 10-7.5 Water nd nd
SAR 10-10 Water nd nd
SAR 10-12.5 Water nd nd

nd: Below HPLC detection limit of 0.1 mg/L
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Table 5-A1 (cont’d). Amount of NG and 2,4-DNT collected in each sampling line.
NG 2,4-DNT
Trial Samples Solvent in trays (mg) (mg/L)
5.56-mm link blank SAR 11-0 Water 0.020 nd
Trial #16 SAR 11-1 Water 0.023 nd
23/04/07 SAR 11-2 Water 0.020 nd
SAR 11-3 Water 0.000 nd
SAR 11-4 Water 0.039 nd
SAR 11-5 Water 0.019 nd
SAR 11-7.5 Water 0.019 nd
SAR 11-10 Water 0.015 nd
SAR 11-12.5 Water nd nd
9-mm frangible SAR 12-0 Ethanol 0.505 nd
Trial #17 SAR 12-1 Ethanol 6.152 nd
24/0407 SAR 12-2 Ethanol 14.295 nd
SAR 12-3 Ethanol 8.187 nd
SAR 12-4 Ethanol 1.453 nd
SAR 12-5 Ethanol 0.208 nd
SAR 12-7.5 Ethanol 0.110 nd
SAR 12-10 Ethanol 0.012 nd
SAR 12-12.5 Ethanol nd nd
5.56-mm frangible SAR 13-0 Ethanol 0.025 nd
Trial #18 SAR 13-1 Ethanol 0.927 nd
24/0407 SAR 13-2 Ethanol 6.067 nd
SAR 13-3 Ethanol 15.815 nd
SAR 13-4 Ethanol 4.617 nd
SAR 13-5 Ethanol 4.426 nd
SAR 13-7.5 Ethanol 0.251 nd
SAR 13-10 Ethanol nd nd
SAR 13-12.5 Ethanol nd nd
9-mm Mk1 SAR 1-O0-TRI Ethanol 0.806 nd
Trial #19 SAR 1-1-TRI Ethanol 9.006 nd
24/0407 SAR 1-2-TRI Ethanol 1.474 nd
SAR 1-3-TRI Ethanol 0.484 nd
SAR 1-4-TRI Ethanol 0.083 nd
SAR 1-5-TRI Ethanol nd nd
SAR 1-7.5-TRI Ethanol nd nd
SAR 1-10-TRI Ethanol nd nd
SAR 1-12.5-TRI Ethanol nd nd

nd: Below HPLC detection limit of 0.1 mg/L
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Table 5-A1 (cont’d).
NG 2,4-DNT
Trial Samples Solvent in trays (mg) (mg/L)
.50-cal M2 SAR 14-0 Ethanol 0.039 nd
Trial #20 SAR 14-1 Ethanol 1.919 nd
24/0407 SAR 14-2 Ethanol 5.073 nd
SAR 14-3 Ethanol 1.578 nd
SAR 14-4 Ethanol 1.009 nd
SAR 14-5 Ethanol 0.113 nd
SAR 14-7.5 Ethanol 0.008 nd
SAR 14-10 Ethanol nd nd
SAR 14-12.5 Ethanol nd nd
SAR 14-15 Ethanol nd nd
.50-cal M2 SAR 15-0 Ethanol nd nd
Trial #21 SAR 15-1 Ethanol 0.334 nd
25/04/07 SAR 15-3 Ethanol 2.362 nd
SAR 15-5 Ethanol 0.678 nd
SAR 15-7.5 Ethanol 0.077 nd
SAR 15-10 Ethanol nd nd
SAR 15-12.5 Ethanol nd nd
SAR 15-15 Ethanol nd nd
SAR 15-20 Ethanol nd nd
SAR 15-25 Ethanol nd nd
SAR 15-BLANK Ethanol nd nd
.338 cal SAR 16-0 Ethanol 0.187 nd
Trial #22 SAR 16-1 Ethanol 0.057 nd
25/04/07 SAR 16-2 Ethanol 0.228 nd
SAR 16-3 Ethanol 0.149 nd
SAR 16-4 Ethanol 0.118 nd
SAR 16-5 Ethanol 0.038 nd
SAR 16-7.5 Ethanol nd nd
SAR 16-10 Ethanol 0.038 nd
.50 cal SAR 17-0 Ethanol 1.828 nd
Trial #23 SAR 17-1 Ethanol 3.305 nd
25/04/07 SAR 17-2 Ethanol 2.368 nd
SAR 17-3 Ethanol 1.112 nd
SAR 17-4 Ethanol 0.274 nd
SAR 17-5 Ethanol 0.016 nd
SAR 17-7.5 Ethanol nd nd
SAR 17-10 Ethanol nd nd

nd: Below HPLC detection limit of 0.1 mg/L




ERDC TR-08-1 5-60

Appendix 5-B: Calculation of the Total Amount
of NG (or 2,4-DNT) Dispersed per Round Shot

Step 1. Calculation of the concentration of NG (or 2,4-DNT) in the area
sampled.

Each trap used for sampling is represented as a rectangle of width 0.35 m
and length 0.45 m. The area of each particle trap (Atrap) IS Atrap = 0.35 m X
0.45m =0.1575 m2

The sampling setup can be represented by Figure 5-B1 (values presented
for Trial #1).

Traps were placed at a distance i from the muzzle of the gun.

For example, intrial #1,i=0, 1, 2, 3,4,5,7.5, 10 m.

The number of traps at a distance i (Ntrapsi ) varies from one trial to another.
For example, in trial #1, Nyapso = 3 and Nyaps1 = 7.

The area sampled (As;) is defined by As i = (Atrap) (Ntraps i)

For example, in trial #1, Aso = (0.1575m?2)(3) = 0.4725 m2, and As1 =
(0.1575m2)(7) = 1.1025 m2.

The samples in the traps placed at a distance i were combined for analysis
by HPLC, and the mass of NG for these traps at this distance i (MG trapsi)
was obtained.

The concentration of NG in the area sampled (Cngi) is defined as Cngi =
(MnG traps i)/ (AS}).

For example, in trial #1, Cnc o = (MngGtraps0) (ASo) = (6.273 mg)/(0.4725
m?2) = 13.276 mg/m?2, and Cnc1 = (MnG traps 1) (As1) = (9.426 mg)/(1.1025
m?2) = 8.550 mg/mz2,
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Figure 5-B1. Sampling setup.
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Step 2. Calculation of the mass of NG on the lines.

The concentration of NG calculated for the area sampled is considered to
be the same for the area (A;) that is defined by a rectangle that encircles all
the traps at a distance i, as represented in yellow on the previous scheme.
This area will be called “line.” It is constant for all the distances i in a spe-
cific trial (t). It varies between trial (t), as the maximum Nirapsi varies. The
length of this line is the length of the sampling trap (0.35 m) and because
there is 1 m between the center of two consecutive traps, its width (W) is
defined as Wt = (max Nirapsi) —1) + 0.45 m.

For example, in trial #1, the max Napsi is 7, thus the width of the line is W1
=(7-1)+045m=6.45m.

For each trial, the area (At) of the lines is At = (0.35 m) (Wh).
For example, in trial #1, A1 = (0.35 m) (6.45 m) = 2.2575 m2.

Knowing the concentration of NG on the line, the mass of NG (Mngi) on
the line i is calculated as (Mnci) = (Cnai) (Av).

For example in trial #1, for the line at 0 m, (Mnco) = (13.276 mg/m?2)
(2.2575m2) = 29.97 mg.

Step 3. Calculation of the intermediate area (unsampled) between two
consecutives lines i and j.

A large area was not sampled between the lines i and j, as shown in pink
in Figure 5-B1. These intermediates lines have the same width (W) as the
lines i, and their length varies upon the distance between the lines i and j.

For example, it is clear on the scheme that the pink area is larger between
the lines at 7.5 and 10 m than between the O- and 1-m lines.

The length (Lint i) of the area between the lines i and j is Linij=( — (i +
0.35).

For example, in trial #1, between the lines at O and 1 m, the length of the
rectangle is Lyt 0-1=1— (0 + 0.35m) = 0.65 m.
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Between the linesat 5 and 7.5 m, Liyt 5-75 = 7.5 — (5 + 0.35m) = 2.15 m.

The area of these intermediates lines (Ainij) is defined as Aint ij = (Lint. i-j)
(Wy).

For example, in trial #1 between the lines at 0 and 1 m, Aixt 0-1 = (0.65 m)
(6.45 m) = 4.1925 m2. Between the lines at 5 and 7.5 m, Ajnt. 5-75 = (2.15 m)
(6.45m) =13.8675 m2.

Note that there is no area after the last line i; for example in trial #1, the
last sampled line is at 10 m, so no area was calculated after this line.

Step 4. Calculation of the mass of NG on the intermediate lines.

The concentration of NG on the area Aint. i-j (Cne int. i—j) 1S supposed to be the
mean of the concentration of the two adjacent lines, i and j: Cngint. i—j =
(Cngi + Cnej)/2.

For example, in trial #1, the concentration of NG in the area between the
lines at O and 1 m is the mean of the concentrations of NG in line at 0 m
and at1m.

Cngint.0o-1 = (Cnc o + Cne 1)/2 = (13.276 mg/m2 + 8.550 mg/m?2)/2 = 10.913
mg/m?2.

Between the lines at 5 and 7.5 m, Cngint. 5-7.5 = Cne s + Cne 75)/2 = (1.21
mg/m2 + 0.10 mg/mz2)/2 = 0.66 mg/m?2.

The mass on NG on the intermediate lines (Mng int. i-j) is calculated as Mng
int.ij = (Cna int. i—j) (Aint. ij)-

For example, in trial #1, the mass of NG in the area between lines at O and
1 mis Mngint. 0-1 = (Cnc int. 0-1) (Aint. i) = (10.913 mg/m?2) (4.1925m2) = 45.75
mg.

The mass of NG in the area between the lines at 5 and 7.5 m is Mngint. 5-7.5
= (Cngint. 5-7.5)(Aint. 5-75) = (0.66 mg/m?2) (13.8675m2) = 9.1 mg.
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Step 5. Calculation of the total mass of NG deposited on the ground per
round.

The total mass of NG (Mng) for each trial is the total of the discrete values
obtained for each line (Mngi) and the intermediate lines (Mng int. i-j): Mnc =

D Mngi+ D, Mngint.is.

For example, in trial #1, Mnc = 284.204 mg.

As the number of rounds shot (R) varies from one trial to another, it is im-
portant to calculate the amount of NG emitted on a uniform basis: Mg,

round = (Mng)/(R).

For example, in trial #1, 250 rounds were fired, Mng round = (284.204
mg)/250 = 1.137 mg.
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Table 5-B1. Calculated residual quantity of NG on a single-round basis for each trial.

Residual NG/round
Caliber Trial Weapon Round mg %
9 mm 1 Browning pistol MK 1 ball 1.14 2.13
2 Browning pistol MK 1 ball 0.93 1.74
19 Browning pistol MK 1 ball 0.16 0.30
Mean 0.74 1.39
17 Sig Sauer P225 Greenshield frangible 0.95 1.97
4 Sig Sauer P225 Luger 115 FMJ ball 2.03 3.90
7.62 C21/C19 ball link
mm 5 C6 machine gun 4 ball/1 tr* 0.90 1.26
C21/C19 ball link
6 C6 machine gun 4 ball/1 tr* 1.05 1.46
Mean 0.98 1.36
7 C6 machine gun C24 Blank link 0.15 0.11
C6 machine gun C24 Blank link 0.17 0.12
Mean 0.16 0.11
5.56 C77/C78 Ball link
mm 15 C9 light machine gun 4 ball/1 tr 0.05 0.03
16 C9 light machine gun C79A1 Blank link 0.01 0.01
18 C7 automatic rifle Greenshield frangible 1.06 0.62
9 C7 automatic rifle C77 Ball clips 0.35 0.23
10 C7 automatic rifle C77 Ball clips 0.25 0.16
Mean 0.30 0.19
11 C7 automatic rifle C79A1 Blank clips 0.02 0.05
12 C8 automatic carbine C77 Ball clips 0.09 0.06
13 C8 automatic carbine C77 Ball clips 0.04 0.03
Mean 0.07 0.04
14 C8 automatic carbine C79A1 Blank clips 0.02 0.06
.50 cal 20 Browning machine gun | M2/M17 Link (4 ball/1 tr) 0.29 0.02
21 Browning machine gun | M2/M17 Link (4 ball/1 tr) 0.21 0.02
Mean 0.25 0.02
AAA750 Hodgdon
23 McMillan Rifle H50BMG 0.27 0.02
.338 cal 22 Timberwolf sniper rifle Match B406 0.03 0.001
* 2,4-DNT was detected only for C21/C19 7.62 mm fired with C6 (0.028 and 0.033 mg per round,
mean 0.031 mg/round).
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Appendix 5-C: Analytical Methods Used

for Gas Analysis

Table 5-C1. Minimum reported values for the different parameters analyzed.

Minimum
reported value Method #
Adsorbent Compound (ug) Analytical method (IRSST)
Acenaphthene 0.12 GC-MS 225-2
Fluorene 0.15 GC-MS 225-2
Phenanthrene 0.12 GC-MS 225-2
Anthracene 0.12 GC-MS 225-2
PAHs Fluorenthene 0.11 GC-MS 225-2
Pyrene 0.12 GC-MS 225-2
Chrysene 0.1 GC-MS 225-2
Benz(a)anthracene 0.11 GC-MS 225-2
Benzo(e)pyrene 0.09 GC-MS 225-2
Benzo(a)pyrene 0.12 GC-MS 225-2
Benzene 2 GC-FID 24-3
BTEX Ethylbenzene 43 GC-FID 250-1
Toluene 10 GC-FID 16-2
Xylenes (0, m, p) 50 GC-FID 101-2
CN Total cyanides 6.5 SE 40-1
NOs Nitric acid 5 IC-CD 211-1
Acetaldehyde 0.09 GC-MS 3221
Acrolein 0.02 GC-MS 284-1
Butyraldehyde 0.1 GC-MS 324-1
Furfural 0.11 GC-MS 3281
Formaldehyde 3 GC-MS 329-1
Aldehydes Heptanal 0.04 GC-MS 3211
Hexanal 0.07 GC-MS 327-1
Isobutyraldehyde 0.03 GC-MS 325-1
Isovaleraldehyde 0.05 GC-MS 330-1
Propionaldehyde 0.04 GC-MS 323-1
Valeraldehyde 0.3 GC-MS 326-1
GC-MS..Gas Chromatography - Mass Spectrometry
GC-FID..Gas Chromatography - Flame lonization Detector
SE......... Specific Electrode
IC-CD ....Ion Chromatography - Conductivity Detector
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Appendix 5-D: EDX Spectra
for Particulate Matter Analysis
Figure 5-D1. EDX spectrum of large (> 5 um) particles in Figure 5-21c.
[ Y ~_ 8 e

Figure 5-D2. EDX spectrum of small (< 5 um) particles in Figure 5-21c.
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Figure 5-D3. EDX spectrum of the particle shown by the red arrow in Figure 5-23.
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Figure 5-D4. Typical EDX spectrum of the small particles (< 3 ym) in Figure 5-23.
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Figure 5-D5. Typical EDX spectrum of a small particle (< 1 pm) in Figure 5-24b.
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— Chapter 6 —

Study of Propellant Residues Emitted
During 105-mm Leopard Tank Live Firing
and Sampling of Demolition Ranges
at CFB Gagetown, Canada

GUY AMPLEMAN, SONIA THIBOUTOT, ANDRE MAROIS,
ANNIE GAGNON, AND MAJOR DENIS GILBERT

Abstract

The accumulation of propellant residues at firing positions represents a
concern both for the environment and human health. In order to better
assess the impacts of each activity, a series of tests has been conducted to
measure the deposition of propellant residues from many sources. The
present study was conducted with a Leopard tank firing 105-mm tank gun
ammunition; DRDC Valcartier assessed particles emitted and also the
gaseous emissions and the particle size distribution during the live firing
at CFB Gagetown. Gases were collected in front of and inside the tank and
the results from the gaseous emissions study will be described in another
report. This chapter describes the results obtained on the projection of
solid particles during tank live firing. Particle traps were initially installed
at5, 10, 15, 20, 30, 40, and 50 m in front of the tank, and paper towels
soaked with ethanol were placed inside the traps to improve the adherence
of the projected particles. No propellant residues were detected in any of
the particle traps. After the firing of four rounds, the first two rows of par-
ticle traps were destroyed. Our setup was not efficient at collecting the par-
ticles as many traps were lost, but we may still summarize that firing 105-
mm tank gun ammunition does not lead to the accumulation of solid pro-
pellant residues in the vicinity of the gun. Another trial should be con-



ERDC TR-08-1

ducted to confirm these results by using traps that will resist the blast. An-
other important source term of explosives and propellant residues in train-
ing ranges are demolition ranges. Two demo ranges were sampled while
on site. Soils were collected in the Drummond and the South Boundary
Demolition Ranges. At the Drummond Demolition Range, explosives were
detected in all samples. HMX, RDX, TNT, NG, and 2,4-DNT were detected
at concentrations up to 0.73, 0.53, 0.27, 1.45, and 0.71 ppm, respectively.
At the South Boundary Demolition Range, explosives were detected at
higher concentrations with a maximum of 234 ppm for TNT. This paper
describes the sampling strategy, the laboratory procedure, and the results
obtained.

L’accumulation de résidus de propergol aux positions de tir représente
une source de préoccupation tant pour I'environnement que pour la santé
humaine. Afin de mieux évaluer les impacts de chaque activité, une série
d’essais a été effectuée pour mesurer la déposition de résidus de propergol
provenant de nombreuses sources. La présente étude a été réalisée avec un
char d’assaut Léopard faisant feu avec des obus de 105 mm, et RDDC Val-
cartier a évalué la dispersion des particules émises ainsi que les émissions
de gaz et la distribution granulométrique des particules durant le tir réel.
Les gaz ont été recueillis & 'avant et a I'intérieur du char d’assaut et ces
résultats des émissions gazeuses seront décrit dans un autre rapport. Ce
chapitre décrit les résultats obtenus sur la projection de particules solides
durant les tirs réels effectués par le char d’assaut. Des pieges a particules
ont été installés a 5, 10, 15, 20, 30, 40, et 50 m en avant du char d’assaut et
des serviettes en papier imbibées d’éthanol ont été placées dans ces piéges
pour améliorer I'adhésion des particules. Aucun résidu de propergol n’a
été détecté dans aucun des piéges a particules. Apres le tir de quatre obus,
les deux premiéres rangées de pieges a particules ont été detruites. Notre
installation n’a pas été tres efficace a capter les particules compte tenu que
bien des pieges ont été perdus, mais malgré tout, nous pouvons conclure
gue le tir de munitions de 105 mm de char d’assaut ne conduit pas a l'ac-
cumulation de résidus de propergol solide dans I’environnement. Un
autre essai devra étre effectué pour confirmer ces résultats en utilisant

des pieges qui résisteront au souffle du tir. Une autre source importante
d’explosifs et de résidus de propergol dans les aires d’entrainement provi-
ent des secteurs de démolition. Etant sur place, deux secteurs de démoli-
tion ont été échantillonnés. Les sols ont été préleves dans les secteurs de
démolition Drummond et frontiére sud. Au secteur Drummond, des ex-
plosifs ont été détectés dans tous les échantillons. HMX, RDX, TNT, NG,



ERDC TR-08-1 6-3

et 2,4-DNT ont été détectés a des concentrations respectives de 0,73, 0,53,
0,27, 1,45, et 0,71 ppm. Au secteru de démolition frontiére sud, des ex-
plosifs ont été détectés a des concentrations plus élevées allant jusqu’a un
maximum de 234 ppm pour le TNT. Ce document décrit la stratégie
d’échantillonnage, la méthode de laboratoire, et les résultats obtenus.
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Introduction

For many years, DRDC Valcartier has been involved in the evaluation of
the environmental impacts of live-fire training to characterize and mitigate
adverse effects on training ranges and thereby sustain the military activi-
ties [1]. Over the years, many efforts were conducted to assess the envi-
ronmental loading of explosives at most of the Canadian Forces bases
(CFB). To date, these efforts addressed mainly heavily used target areas
[2—10]. Many of these studies were conducted in collaboration with the US
Army Corps of Engineers, Cold Regions Research and Engineering Labo-
ratory (CRREL), in Hanover, New Hampshire, and the Environmental
Laboratory (EL) in Vicksburg, Mississippi [7, 11-14]. Walsh et al. (2001)
observed that the firing positions were also experiencing a buildup of en-
ergetic residues, and since then, many studies have been dedicated to the
characterization of the firing positions [13, 15—16]. It was determined that
NG and/or 2,4-dinitrotoluene (2,4-DNT) embedded in nitrocellulose fi-
bers are deposited in front of and around firing positions [5, 15—17]. More-
over, it is a common practice in Canada to burn directly on the ground ex-
cess propellant bags that are removed from the munitions to adjust the
ballistic parameters. This practice results in an improper incomplete com-
bustion of the propellants, therefore leaving high concentrations of propel-
lant chemicals in the soil. This practice is being assessed by DRDC Valcar-
tier and Director Land Environment and hopefully will soon be replaced
by an environmental alternative.

Two years ago, DRDC Valcartier assessed the dispersion of propellant
residues following 105-mm artillery and tank gun firings at CFB Valcartier
by placing aluminum witness plates in front of the muzzles of the guns
[18]. At CRREL, similar trials were conducted using snow as a collection
media [19]. Both studies demonstrated that propellant residues composed
of nitrocellulose fibers containing 2,4-DNT were deposited in front of the
muzzle of artillery guns, but no residues were found after firing tank am-
munition in Valcartier [18]. More recently, Walsh et al. studied residues at
mortar firing positions [20]. NG was found at elevated concentrations for
81-mm mortars.

During the DRDC trial in CFB Valcartier, it came to our attention that
gunners often suffered from headaches after gun-firing exercises. Fur-
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thermore, in some case the headaches persisted for days and their body
fluids smelled of gunpowder for days following artillery training exercises.
One potential explanation is the intake of chemicals by the gunners during
the exercise. This study was undertaken to further investigate the emission
of propellant particles and gases in the area where gunners normally stand
while firing. Of particular interest is the size of the particles emitted during
the firing, since sub-micron particles represent an adverse impact for hu-
man health.

Our first attempts to collect emissions from live-firing exercises were
compromised (poor recoveries) by windy conditions [18]. In September
2006, a study was conducted using the muffler facility at Nicolet, Lac St-
Pierre, Canada. The 105-mm squash head practice, C60, fired with a how-
itzer C3 gun, was evaluated in this study and it was demonstrated that
studies conducted in the muffler were very effective at sampling particles
and the gases. Sub-micron particles, toxic gases, and 2,4-DNT were identi-
fied and it was concluded that up to 0.39% of 2,4-DNT are ejected into the
environment [21, 22, Chapter 7]. Results also indicated that the gunners’
positions are exposed to high concentrations of 2,4-DNT when firing the
Howitzer gun.

Considering that tank gunners can be exposed to gases inside the turret
and because of the growing interest for the contamination of firing posi-
tions, it was decided to re-investigate the tank 105-mm gun live firing. Par-
ticle traps were installed in front of the tank and gases pumping systems
were installed in front of and inside the Leopard tank. A different pattern
was used to collect the particles in front of the tank. Practice rounds were
fired for an entire day and two sets of samples were collected at the end of
the afternoon.

In parallel to the propellant emission study, it was decided to sample the
Gagetown demolition ranges that were not sampled in past studies. Previ-
ous studies indicated that demolition ranges are often contaminated with
energetic materials [2, 10]. In CFB Chilliwack, it was found that in the
demolition range, the cratering, wood, concrete, steel cutting, and demoli-
tion pad areas were contaminated with energetic materials [10]. The
demolition range in CFB Petawawa was also sampled and contamination
by explosives was found [2]. During the Gagetown sampling campaigns,
the Drummond and South Boundary Demolition ranges were not available
for sampling and were neglected. It was decided to sample them during
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this study since they were available. In the Drummond Demolition Range,
mostly cratering was conducted and samples were collected in triplicate.
In the South Boundary Demolition Range, samples were collected to
evaluate the wood, concrete, steel, and demolition pad areas. Moreover, a
new facility to simulate urban warfare was recently built on this range and
this was sampled as well. This paper describes the results of both studies.
This work was co-funded by the Sustain Trust from Defence Research and
Development Canada and by the Strategic Environmental Research and
Development Program of the United States through project ER 1481, and
was conducted in April 2007.
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Background

Logistics

The trial was organized and conducted in CFB Gagetown during a course
for tank users (Tank Commander 0701B). A Leopard tank was used to fire
105-mm practice rounds in the anti-armor range, at Firing Position 4, and
propellant residues were collected using particle traps containing ethanol
to improve the adherence of the propellant residues. To minimize distur-
bances to the military exercises, pans were installed before and removed
after the firings. At noon, after 10 rounds were fired, traps that were de-
stroyed were removed and another series of traps (labelled T2) was in-
stalled near the one already in place in the rows farther away (labelled T1)
to obtain a larger sampling area. DRDC Valcartier collected the contents
of the traps at 6:00 PM after 69 additional rounds were fired, for a total
number of 79 rounds fired in the entire day. Gaseous emissions were

also collected during the day and results will be reported in a subsequent

paper.
Equipment and Munitions

The 105-mm tank gun is the main armament of the Leopard C2 Main Bat-
tle Tank (Fig. 6-1). This tank provides close and direct fire support and
anti-tank defence for the mechanized battle group. The turret of the Leop-
ard tank is the spaced armor, welded type and carries a crew of three: the
Commander, the Gunner and the Loader. The main armament consists of
the 105-mm QF gun, either the British L7A3 or the American M68, with
semi-automatic, horizontal sliding breechblock. The tube is 51 calibers in
length and is equipped with a bore evacuator (fume extractor) and a ther-
mal tube jacket. The barrel is rifled for 471 cm (185.5 in.) with a uniform
twist of one turn in 18 calibers. The fire control equipment for this system
is the SABCA TFCS with laser range finder.

All ammunition for the 105-mm gun, with the exception of the blank car-
tridge, is of the “fixed” type (Fig. 6-2). Operational ammunition consists of
three types: Armor Piercing Fin Stabilized Discarding Sabot (APFSDS),
Smoke White Phosphorus (WP), and High Explosive Squash Head
(HESH); practice (training) ammunition consists of Short Range Target
Practice Discarding Sabot (SRTPDS), Target Practice Fin Stabilized Dis-
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carding Sabot (TPFSDS), Squash Head Practice (SH Practice), and Blank.
The Leopard C2 tank can carry 59 rounds of ammunition. Most of these
rounds contain a tracer composition to help aim at the target; these 105-
mm rounds have a T at the end of their name. As an example, APFSDS-T
would be the operational weapon containing the tracer composition.

Figure 6-1. Leopard C2 main battle tank.

Mainly there are two types of attacking weapons, the armor piercing (sabot
type) and the squash head. The smoke white phosphorus produces a pro-
tective screen smoke. For the operational APFSDS-T, three models exist.
The first one is available with three different cartridge contents, the sec-
ond is the Canadian version APFSDS-T, C-76 that is based on US design
APFSDS-T M735, and the third is the APFSDS-T M428 (SWORD) that has
a longer length for the penetrator. Roughly, they all have the same design
but differ in some characteristics such as propellant loading, type of ig-
niter, length of the penetrator, etc. As an example, the first APFSDS-T
model is available with three different cartridges, M111, DM23A1, and
DM®63C, which all incorporate a fin-stabilized, kinetic energy, armor pierc-
ing, discarding sabot shot with tracer. The projectiles, when fired, have a
flat trajectory, together with muzzle velocities in the 1,450 to 1,500 m/s
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range at a maximum range of 26,000 m and utilize their high striking
energy alone to defeat heavily armored targets.

Figure 6-2. Representations of all 105-mm tank gun ammunition.
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The typical armor piercing weapons (M111, DM23A1) projectile (Fig. 6-3,
6-4) consists of a three-segment aluminum alloy sabot and a swaged
high-density monobloc tungsten alloy penetrator core of high length-to-
diameter ratio. A six-finned aluminum fin assembly is fitted to the rear of
the penetrator rod and contains a tracer element that burns for at least 3.5
seconds after firing. The three 120° sabot segments are held together and
are discarded by blast and air pressure after the projectile leaves the gun
tube, leaving the sub-projectile core free to continue at a high velocity in a
flat trajectory to the target.

FORWARD ALUMINUM
FASTENING RING -,

TUNGSTEN
< ALLOY CORE

3-SEGMENT SABOT -

_ PLASTIC BAND

T~ PLASTIC SLIPPING
OBTURATOR

REAR ALUMINUM -
FASTENING RING

RUBBER SEAL

STABILIZING FIN ) 4 TRACER

Figure 6-3. Projectiles of the armor piercing weapons (APFSDC-T).
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Figure 6-4. Different designs for the APFSDS-T.

The charges are loose-loaded to the maximum capacity of the case and
consist of 5.8 kg of M30M multi-perforated triple-base propellant (M111,
DM23Al), or 6.0 kg of M26 multi-perforated double-base propellant
(DM63C). The tracers used with these rounds consist of 2.5 g of igniter
composition and 8.5 g of tracer composition contained in a brass cup.

The DMG63C version is a product improvement of the DM23Al. Changes
include a longer L/D ratio for the projectile, M26 double-base propellant
instead of triple-base M30M, and improved design for the primer. The
penetrator’s shape was designed to achieve high kinetic energy coupled
with a small impact area in order to obtain better penetration perform-
ance. The maximum range for that weapon is 27,500 m at 10° gun eleva-
tion. These new, longer projectile designs can be seen in Figure 6-4 where
the DM 63 C and the latest version, APFSDS-T M428 (SWORD), are seen
on the right side of the picture. The charge propelling and the type of pro-

pellant for all the 105-mm tank gun ammunition can be found in Table 6-1.

The practice versions of the armor piercing weapon are the TP/FSDS-T,

C71, and the SR/TPDS-T, C148 (Fig. 6-5). The C71 consists of a sub-caliber

tubular projectile made of heat-treated steel with a flat nose with a dis-
carding sabot, and has a greatly reduced range. The C71 shot has a muzzle
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velocity of 1,590 m/s and is a ballistic match with the APFSDS C76 round
up to 3,000 m. Beyond 3,000 m, the projectile becomes unstable due to
aerodynamic action of three spin damping fins, thus limiting the maxi-
mum range to 8,000 m at 10° gun elevation. This allows practice in ranges
considering the security area of this live-fire activity. Training with triple-
base propelled operational weapons is not possible in CFB Gagetown be-
cause the safety template needed to fire these weapons is larger than the
one available in this training area. It would have been interesting to sam-
ple a live firing event involving triple-base propellants, but these types of
weapons can be fired only in CFB Suffield where the safety templates can
be obtained. The British army is firing triple-base weapons in CFB Suffield
and discussions are being held to conduct sampling during one of their ac-
tivities.

Table 6-1. 105-mm tank gun ammunition propelling charges.

Weight of propellants
Ammunition (8 Type of propellants
APFSDS-T, M111 5800 M30 triple base
APFSDS-T, DM23A1 5800 M30 triple base
APFSDS-T, DM63C 6000 M26 double base
APFSDS-T, C76 5350 NQ/M triple base
APFSDS-T, M428 5800 M26 double base
HESH-T, L35 2857 M1 single base
WP-T M416* 2780 M1 single base
SR/TPDS-T, C148* 5120 M6 single base
TP/FSDS-T, C71* 5075 M6 single base
SH/PRACT, C109* 3000 M1 single base
* Ammunition studied in this report

The practice SR/TPDS-T, C148, was developed as a joint DRDC Valcartier
project with SNC Tec to modify the earlier design C71 TPDS projectile
technology into an economical round that would match the ballistic trajec-
tory of the APFSDS—T shot out to 2,500 m or 8,000 m at 10° gun eleva-
tion, but would destabilize at a predetermined velocity to limit the maxi-
mum range to impact. Research at DRDC Valcartier determined that a
shorter range together with all ballistic requirements could be achieved by
adding three small spin damping fins to the rear of the C74 sub-projectile
and by modifying the projectile from a solid steel shot to a two part
steel/aluminum assembly. The SR/TPDS-T, C148, was the practice
weapon that was used in this study (Fig. 6-6).
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Figure 6-5. Practice ammunition TP/FSDS-T, C71, and SR/TPDS-T, C148.
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Figure 6-6. Practice round SR/TPDS-T, C148.

The second type of attacking weapons is the Squash Head type. The High
Explosive Squash Head (HESH-T) cartridge is a base-detonated, thin-
walled, high-explosive-filled cartridge of British manufacture, and is de-
signed to defeat armoured targets and fortified structures such as concrete
emplacements by blast, spalling, and shock wave effect. There are also sec-
ondary anti-personnel effects caused by blast and fragmentation. The pro-
jectile is spin stabilized and is effective at both large and small angles of
attack, and at relatively low striking velocities. The projectile, when fired,
has a muzzle velocity of 731 m/s. The charge consists of 2.857 kg of single-
base-type M1 NH .033 propellant contained in three longitudinal pockets
within a silk cloth bag. A tin/lead foil decoppering strip 298 mm x 178 mm
x 0.05 mm thick is sewn inside the bag at the top. The projectile filling
consists of approximately 2.1 kg of RDX/WAX 88/12 pressed explosive.

The practice version, the C109 squash-head practice-tracer, is a training
round designed as a ballistic match for the current HESH L35 cartridges
(Fig. 6-7). The CI09AL differs from the C109 only in the simplified projec-
tile design to reduce production costs. This was the practice weapon that
was used in this study (Fig. 6-8). The nominal charge consists of 3.0 kg of
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M1 (NH .034) propellant divided into three equal pockets within a viscose
rayon cloth bag. A tin/lead foil strip is sewn into the upper section of the
bag to act as a decoppering agent. The projectile is similar in external con-
figuration to the HESH projectile and contains an inert load of castor-oil-
type filler with a density of 1.6 in a plastic container.
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Figure 6-7. Representations of HESH-T and SH/Pract ammunition.

The smoke 105-mm tank ammunition WP-T M416 is the same weapon
used in operations or in practice. The M416 cartridge is a fixed round in-
tended for screening and spotting fire from 105-mm gun canons. There is
some limited incendiary effect. The projectile when fired has a muzzle ve-
locity of 730 m/s. The propelling charge consists of 2.78 kg of M1 (NH
.034) Type 1 propellant divided into three equal increments and filled into
the three pockets of a silk cloth bag. Decoppering lead foil is sewn into the
bag during manufacture. The steel projectile is loaded with 2.7 kg of white
phosphorus (Fig. 6-9). The maximum range for this weapon is 9,150 m.
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This weapon was used in our exercise (Fig. 6-10). A total of 46 SH/ Pract
C109, 24 SRTPDS-T C148, and nine Smoke WP-T M416 105-mm tank gun
ammunitions were fired during our study. Considering Tables 6-1 and 6-2
this means that 286 kg of M1 and M6 propellant corresponding to 28.6 kg
of 2,4-DNT were burned during the exercise.

Figure 6-8. SH/Pract tank gun ammunition.
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Figure 6-9. Representations of Smoke WP-T M 416 ammunition.
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Figure 6-10. Smoke WP-T M 416 ammunition.

Table 6-2. Composition of single-base propellants M1 and M6.

Chemical

Weight percentage in the propellant (%)

M1

M6

Nitrocellulose

85% = 2%

86% + 2%
2,4-DNT 10% + 2% 10% + 2%
Dibutylphthalate 5%+ 1% 3%+ 1%
Potassium sulphate 1% + 0.3% 0%
Diphenylamine 0.9% £ 1.2%

1% + 1%

6-18
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Experimental Methods

Sampling Strategy and Nomenclature

Propellant Residues

In September 2003, witness plates were placed in front of a Leopard tank
firing 105-mm HESH at CFB Valcartier to collect residues as shown in
Figure 6-11 [18]. During that trial, the witness plates were placed far from
the front of the tank to avoid a road, and as a result, the sampling was not
adequate. Furthermore, the plates having no side walls were inadequate at
retaining the particles, especially during windy days. For the present
study, this situation was modified using another sampling pattern with
different particle traps. Aluminum pans were used instead of plates to pro-
tect the particles from the blast and the wind. Paper towels wet with etha-
nol were placed at the bottom of the pan to allow the particles to stick to
the pan. During the exercise, depending on the weather conditions, it was
necessary in some occasions to add ethanol to the paper towels since etha-
nol evaporated in hot weather conditions. These pans were used in other
studies with anti-tank weapons during winter and proved to be efficient in
catching projected propellant particles. During this winter exercise, it was
unnecessary to re-wet the towels with ethanol since it did not evaporate at
these temperatures. Weights were placed in the pans to avoid losing them
from the blast pressure (Fig. 6-12).

w-gT

60-m 55-m 50-m 45-m 40-m 35-m 30-m 25-mj| 0-m
M J H E C A
I |o
s |5
g |S
P (@) N K | F D B
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Figure 6-11. Sampling strategy used in September 2003.




ERDC TR-08-1 6-20

Figure 6-12. Particle traps used in front of the tank.

Considering that the tank was firing in a static position but aiming at dif-
ferent targets within the firing area, we used a strategy based on a semi-
circular pattern. The tank firing area had poles on the right and left sides
to show the limits of the area where firing was authorized. When looking
at the poles standing on the tank, an angle of approximately 50 degrees
was observed. An angle of 60 degrees was chosen to allow the capture of
the particles in all possible directions of shooting. Semi-circular sampling
lines were set at 5, 10, 15, 20, 30, 40, and 50 m in front of the tank. A rope
was marked at these pre-set distances allowing the disposition of the trays
in a semi-circular pattern (Fig. 6-13). Particle traps were placed at O-, 15-,
30-, 45-, and 60-degree angles. To that setup, two additional lines of traps
were placed, aiming directly at the poles. This is illustrated in Figure 6-14
and it can be seen that seven particle traps are found on each circular line
at specified distances.




ERDC TR-08-1 6-21

Figure 6-13. Sampling strategy used in front of the tank.

At the end of the exercise, it was anticipated that all the traps on each row
would be combined to represent what is expelled at specific distances.
These samples were labelled GAGO7-T1-15m, GAG for Gagetown, 07 for
2007, T1 for first set of traps, and 15 m being the distance from the muzzle
of the gun. After firing the first four rounds, it was realized that the first
two rows, 5 m and 10 m away from the gun, were destroyed by the blast.
Since we had the opportunity to return in the sampling area after 10
rounds were fired at lunch time, it was decided to remove the remains of
the traps at 5 and 10 m and not replace them since they were not able to
survive the blast. For the following rows, traps were doubled beside the
original ones, and weights were added to the traps located at 15 m. These
second traps were combined at the end of the trial and were named
GAGO07-T2-15m, T2, for the second set of traps. Considering that 79
rounds were fired during the entire day, and that T2 was installed after
firing 10 rounds, this means that T1 samples represented 79 rounds while
T2 samples represented 69 rounds.
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Figure 6-14. Disposition of particle traps in front of the tank.

Gagetown Demolition Ranges

As mentioned earlier, we took the opportunity to sample the Drummond
and the South Boundary Demolition ranges. Demolition ranges are used
by the military EOD technicians to destroy various munitions that are con-
sidered safe to move. Sometimes chunks of HE or unused propellants are
also destroyed at these ranges, either by demolition or burning. Demoli-
tion ranges are generally small in size and sparsely vegetated near demoli-
tion craters. Demolition craters are often used many times before being
filled in. Wood, steel, and concrete cutting activities are also conducted in
these demolition ranges. Since the sites were partially covered by snow, a
preliminary sampling was accomplished with the intention of re-sampling
more extensively at fall.

The Drummond Demolition Range was a flat terrain where some muni-
tions were open-detonated. Six craters were found in front of the bunker,
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as seen in Figure 6-15. Multi increment (M) soil samples were collected
using a random-systematic approach and built out of 100 sub-samples
within the cratered area. Triplicate samples were collected using the